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Abstract In order to deeply investigate the role of potas-
sium in modifying thermal behavior and burning character-
istics of reconstituted tobacco sheet (RTS), electrodialysis
(ED) technology was employed at first to remove the main
ions in the tobacco extract to reduce interference of
endogenous ions. Characterization on thermal behavior of
RTS treated with three organic (acetate, malate and citrate)
potassium salts and three inorganic (chloride, sulfate and
phosphate) potassium salts was then performed using ther-
mogravimetric analyzer coupled with Fourier transforms
infrared spectrometer (TG-FTIR) at the heating rate of
20°Cmin~'. TG results illustrated that potassium
decreased the peak temperature of carbohydrate pyrolysis,
retarded the thermal degradation of the major components of
RTS and meanwhile promoted the formation of stable char
firmly depending on its chemical state. The organic potas-
sium salts had a more significant effect on the process of char
oxidation than inorganic ones with a new peak at around
570 °C. Analyses of evolved gaseous products distribution
demonstrated a significant reduction of CO and CO, during
carbohydrates pyrolysis in the presence of potassium, espe-
cially organic potassium salts. Moreover, the maximum
firecone temperature was also measured by Infrared
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thermography, and it had been found that the burning cone
temperature of ED-modified RTS was averagely 13.27 °C
higher than that of organic potassium treated RTS but
averagely 16.57 °C lower than that of inorganic ones.
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Introduction

Reconstituted tobacco sheet (RTS) has now gained
increasing worldwide acceptance by tobacco industry due
to its advantageous economic impact on the manufacturing
cost as well as its superiority in structural strength, com-
bustion performance and tar delivery [1-4]. The introduc-
tion of RTS in a cigarette leads to a considerable reduction
of tar, phenols, polynuclear aromatic hydrocarbons, etc.,
depending on the inclusion level of RTS [1, 5]. As con-
trasted to the economic considerations, the possibilities for
combustion and smoke modification by RTS technology
are perhaps even more profound.

It has been well established that the pyrolysis and com-
bustion of tobacco are closely related to its chemical com-
ponents, especially salts content [6-8]. Previous works
confirmed that demineralized biomass had higher and lower
yields of levoglucosan and glycolaldehyde, respectively, in
comparison with the untreated biomass [9]. As a major
constituent of tobacco (can even be present up to 10% w/w
in tobacco), potassium plays an important role both in
tobacco growth and cigarette  pyrolysis  [10].
Yamamoto et al. [11] demonstrated that both the exogenous
and endogenous potassium contents reduced CO delivery by
decreasing the peak temperature of the burning cone.
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Liu and Parry [12] demonstrated that nicotine-free-dry-
particulate-matter, nicotine and carbon monoxide in the
mainstream were decreased at almost equal level with the
addition of potassium as malate, citrate and tartrate.
Izawa et al. [13]. found that the presence of potassium
malate accelerated the formation of various lower molecular
compounds and explained the mechanisms in modifying the
burning characteristics of cellulose by using curie-point
pyrolysis. Yang et al. [14] pretreated corn straw by water or
acid washing and found potassium favored the formation of
C=0 containing compounds and CO,. However, some
controversial issues have arisen with different kinds of
organic or inorganic potassium during thermal decomposi-
tion processes of biomass. Horler [10] illustrated the inter-
acting effects between the inorganic and organic potassium
and pointed out that it was the quantity of potassium percent
as organic acid salts but not the total potassium content that
was important in controlling burn rate. Zhao et al. [15]
indicated that the anions played a crucial role on the cat-
alytic effects for the pyrolysis kinetics of cigarette paper
except for potassium cations. Yamamoto et al. [11] reported
that potassium malate was more effective than nitrate for the
reduction of carbon monoxide while the opposite conclusion
in the case of nicotine. Therefore, it is important to reduce
interference of other ions in studying the catalytic mecha-
nism of potassium on tobacco pyrolysis.

In this study, electrodialysis (ED) technology was
employed to remove the main ions in the tobacco extract to
reduce interference of endogenous ions as much as possible.
Then, the thermal behavior and volatile products produced
during the pyrolysis and combustion process of reconstituted
tobacco were deeply investigated in the presence of several
potassium salts by thermogravimetric analysis coupled with
Fourier transform infrared spectrometer (TG-FTIR). Analyses
were carried out to provide a better understanding of the
effects of the organic and inorganic potassium salts in modi-
fying thermal behavior and burning characteristics of RTS.

Experimental
Materials

Tobacco extract and base web of RTS utilized in this study
were obtained from China Tobacco Anhui Industrial Co.,

Table 1 Potassium content of potassium-modified RTS samples

Ltd, Hefei, Anhui Province, China. Organic (acetate,
malate, citrate) and inorganic (chloride, sulfate, phosphate)
potassium salts were obtained commercially from Sino-
pharm Chemical Reagent Co., Ltd, with the purity above
99% and used directly without further purification in
the experiment.

Sample preparation

RTS samples were manufactured by a paper-making pro-
cess described elsewhere [2, 16—18]. To be brief, tobacco
extract from paper-making process was demineralized with
ED separation technology specified in our previous work
[19]. Potassium organic and inorganic salts were, respec-
tively, added to the demineralized tobacco extract with the
same amount of potassium content as the untreated tobacco
extract (control). Base web was impregnated completely in
these tobacco extracts for 1 min and then dried for about
20 min at 65 °C to produce RTS samples. Potassium
content of RTS samples shown in Table 1 suggests that the
potassium content of samples treated with exogenous
potassium organic and inorganic salts is consistent and
agrees well with our preconceived level at about 2.7%.

For analytical experiments of burning cone temperature
of cigarette, the cut samples were conditioned at 22 °C, 60%
R.H. and made into cigarettes with identical design features.
Samples were grounded to pass through a 60 mesh screen to
provided increased homogeneity for comparative purposes,
prior to pyrolysis experiments and chemical analysis.

Measurements
lon chromatography analysis

The concentration of main ions (KT, Ca**, Mg>", CI~,
NO5, SO; and PO?C) in the tobacco extract and RTS
samples was determined by Ion chromatography (ICS3000,
Dionex Company, USA) [20].

TG-FTIR analysis

The TG-FTIR method has been widely applied on inves-
tigating the volatile products during biomass pyrolysis at
low heating rate [21-23]. The instrument consists of a
thermogravimetric analyzer (NETZSCH, STA 449C)

Samples Control ED-modified Potassium Potassium Potassium Potassium Potassium Potassium
RTS acetate citrate malate chloride sulfate phosphate

Concentration 2.70 0.03 2.84 2.67 2.68 2.78 2.75 2.69

1%
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Table 2 Content of main ions in tobacco extract treated by ED
Samples Cation concentration/% Anion concentration/%
K" Mg>* Ca*t cl- NO3; Norm PO3~
Control 333 0.38 0.95 0.82 0.41 0.92 0.39
ED-modified 0.23 0.07 0.17 0.05 0.01 0.06 0.02
Removal rate/% 93.1 81.6 82.1 93.9 97.6 93.5 94.9
Fig. 1 Effect of electrodialysis 7 Exo
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connected with a Fourier transform infrared (FTIR) spec-
trometer (Thermo Scientific, 6700 FT-IR, Nicolet Instru-
ment Co., USA) through a heated line by a thermo-
gravimetric analysis interface (Nicolet Instrument Co.,
USA). Approximately 20 mg of RTS sample powder was
placed evenly into a standard aluminum crucible paved in
the thermogravimetric analyzer (TGA) and then heated
with temperature ranging from 30 to 1000 °C at a heating
rate of 20 °C min~' under the atmosphere of 10% oxygen
in nitrogen with a total flow rate of 100 mL min~"'. Pro-
cured o-Al,Oz was used as reference material. The tem-
peratures of the transferred line for the evolved gases and
IR cell were maintained at 225 °C and 230 °C, respec-
tively, to avoid the condensation of volatile products. The
FTIR measurements were operated simultaneously in the
continuous scan mode covering the wavenumber scope of
4000500 cm ™" at a resolution of 4 cm™" for the analysis
of evolved gases.

Infrared thermography measurements

The temperature profiles of the burning fuel surface of
cigarettes manufactured by RTS were monitored by

Infrared thermography (IRT). The PYROVIEW 380MC
Compact camera with PYROSOFT Professional software
from DIAS Systems (DIAS Infrared GmbH, Germany) was
employed. Details could be found elsewhere [24]. Cigar-
ettes were smoked under ISO smoking conditions (35 mL
puff volume, 2 s duration, 1 puff per minute), and experi-
ments were carried out under normal air atmosphere.

Results and discussion
Effect of electrodialysis on thermal behavior of RTS

In many studies, acid demineralization was usually per-
formed to remove inorganic constituents in order to
describe their catalytic effect [25-27]. However, this
technique may yield unreliable results because significant
chemical degradation of the biomass can occur during acid
demineralization, resulting in a structurally modified bio-
mass that is not comparable with raw material [28]. Fur-
thermore, aqueous extracts of tobacco is an integral part of
RTS. Therefore, acid demineralization is not suitable to
RTS, due to its physical and chemical damage of tobacco
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Fig. 2 Effect of potassium organic and inorganic salts on TG and DTG curves of RTS

fiber and the loss of tobacco extracts. ED has a high effi-
cacy of demineralization and has been employed to remove
the main inorganic ions of aqueous tobacco extract [19].
According to the optimized parameters in the previous
study [19], tobacco extract was desalted by ED to reduce
the interference of endogenous ions. The content of main
ions in RTS samples was specified in Table 2. Generally,
ED could remove most of the aqueous ions effectively with
removal rate above 80%, substantially reducing the
endogenous ions interference.

TG, DTG and DSC curves obtained from the pyrolysis
process for the control and ED-modified RTS are plotted in
Fig. 1. Typically, the thermal degradation process of RTS
can be divided into four stages [7, 29]: (1) evaporation of
water; (2) pyrolysis of simple sugars and other
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carbohydrates; (3) combustion of residual char; and (4)
decomposition of calcium carbonate. To be specified, the
first stage occurs with a mass loss of about 3% in the
temperature of 30-135 °C, mainly due to the loss of
adsorbent water and volatile species [29, 30]. Then, a
shoulder peak (135-190°C) and a strong peak
(190-370 °C) appear subsequently with respect to the
pyrolysis of simple sugars and thermal decomposition of
cell wall biopolymer (cellulose, hemicelluloses, lignin and
pectin) [7, 29-31], respectively, leading to a total mass loss
of 49.5%. The third stage taken place from 370 to 556 °C
with 33.8% mass loss is actually resulted from the thermal
oxidative decomposition of residual char [24, 29]. And an
unobvious low peak at temperature higher than 556 °C can
be attributed to the thermal decomposition of calcium
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carbonate and other salts [29]. Though with similar TG,
DTG and DSC profiles as control, ED-modified RTS has
several significant differences on the characteristic
parameters, especially the process for thermal decomposi-
tion of carbohydrates and combustion of residual char,
suggesting that the desalination of tobacco extract is of
considerable influence and ED is necessary.

Effect of potassium organic and inorganic salts
on TG/DTG curves of RTS

TG and DTG results of experiments conducted with
potassium organic and inorganic are illustrated in Fig. 2. It
is evident that all the potassium salts have a considerable
effect on the process of RTS pyrolysis with the comparison
of ED-modified RTS, especially on stage 2 and stage 3.
Specific characteristic parameters are demonstrated
in Table 3.

Organic potassium salts

As shown in Fig. 2a, c, organic potassium salts have a
similar effect on the pyrolysis of RTS. On the thermal
decomposition stage of carbohydrates, the initial tempera-
ture, final temperature and the peak temperature of the first
strong peak (Tp;) at around 306 °C, all shift consistently
toward lower temperature with the addition of organic
potassium salts. The shift carbohydrate decomposition to
lower temperature is due to the significant reduction in the
apparent activation energy of carbohydrates pyrolysis by
potassium [15, 32]. It is also noticeable that T,; of the three
potassium organic salts decreases by an order of Potassium
malate > Potassium citrate > Potassium acetate with very

slightly difference at a reduction of 13.7, 22.7 and 29.1 °C,
respectively, suggesting not only potassium cation but also
the organic anions contribute to the drop of carbohydrates
pyrolytic temperature but to a lesser extent. Moreover, the
mass loss percentage and maximum mass loss rate slow
down extraordinarily with the presence of organic potas-
sium. The mass loss percentage for ED, potassium acetate,
malate and citrate modified RTS is 55.33, 43.29, 41.08 and
43.36%, respectively (cf. Figure 2a), and the maximum
mass loss rate (MLR,,.x;) even drops from 35.8% min~! of
ED-modified RTS to 10.73% min~" of potassium acetate-
treated RTS (cf. Table 3), indicating that the incorporation
of organic potassium into RTS could suppress the major
thermal decomposition reactions of carbohydrates
pyrolysis.

However, as for the char oxidation stage (stage 3) in the
DTG curves, remarkable differences could be found on the
combustion process of residual char. The temperature of the
second strong peak P2 moves toward higher temperature
with adjacent temperature as control sample with a
descending order of Potassium malate > Potassium
acetate > Potassium citrate, whereas the relevant MLR,,,.»
drops remarkably from 18.21% min~' to even
2.23% min~' (potassium acetate in Table 3). It is worth
noting that, at higher temperature (around 570-580 °C), a
new strong peak P3 occurs with the average MLR, .3 at
11.88%-min~" for organic potassium-modified RTS. The
new peak accompanied by the evolution of CO, and CO (cf.
Figure 4) is also the char oxidation stage. This result elu-
cidated that organic potassium salts improved the stability
of char, due to the alteration of the ash morphology in a way
that restricted the air flow and caused stronger bonding of
the ash particles [12]. It should be noted that, in previous

Table 3 Thermal decomposition characteristics on TG/DTG curves of potassium treated RTS

Samples Tpi/ MLR 051/ Tpo! MLR 050/ Tps/ MLR 053/ Residual Residual
°C % min~" °C % min ™" °C % min~" mass®/% mass®/%
Control 285.6 12.25 418.6 21.18 / / 14.21 10.03
ED-modified RTS 306.3 35.8 398.4 18.21 / / 5.74 2.92
Potassium acetate 277.2 10.73 4274 223 571.6 12.33 32.03 10.38
Potassium malate 292.6 13.21 442.7 2.85 575.3 11.66 36.48 16.18
Potassium citrate 283.6 15.46 420.3 2.78 569.8 11.64 31.99 11.48
Potassium chloride 295.4 18.89 437.0 22.75 / / 13.78 4.78
Potassium sulfate 282.8 27.16 398.4 21.07 / / 14.42 12.28
Potassium phosphate 277.8 22.38 3717.8 20.20 / / 14.49 11.57

T, temperature at the maximum decomposition rate of RTS

MLR,, .. maximum mass loss rate
4 Residual mass at 500 °C
® Residual mass at 1000 °C
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Fig. 3 Effect of potassium addition on DSC curves of RTS

study [6], organic potassium only had a slight effect on peak
temperature of char oxidation of tobacco. The considerable
difference of char combustion process should be due to the
interference of endogenous ions, suggesting that it is nec-
essary that the removal of endogenous ions by ED in

studying the role of potassium on RTS pyrolysis. Moreover,
in agreement with the decrease in MLR,,.x;, a significant
increase in the char residue at 500 °C was noted in this work
on all organic potassium-modified RTS, particularly for
potassium malate, signifying that organic potassium salts
enhances stable char yields [6, 33]. This all contributed to
the modification of burning characteristic and the reduced
formation of total particular material of organic potassium-
added cigarettes

Inorganic potassium salts

Figure 2c, d illustrates the influence of inorganic potassium
salts on TG and DTG curves, respectively. The DTG
curves with the addition of inorganic potassium salts show
something different from the organic ones. In the stage of
carbohydrates decomposition, inorganic potassium salts
decrease the temperature of the initial point, end point and
the first strong peak (T,;) similar to organic potassium
salts. The whole stage moving toward lower temperature
indicates that potassium reduces the apparent activation
energy of carbohydrates pyrolysis independent on its
chemical state [15, 32]. Compared with ED-modified RTS,
inorganic potassium also reduces the corresponding
MLR,,.x1 greatly but not as much as organic potassium,
which illustrates that inorganic potassium also hinders the
decomposition reaction during the pyrolysis of carbohy-
drates and organic potassium has a more obvious influence
than inorganic one. Besides, inorganic potassium also
affects the combustion of residual char observably and the
inorganic anion matters as well. For instance, the temper-
ature of the second strong peak (Tp,) vary diversely from
one another with a descending order of KCI > K,
SO, = ED > K3PO4. And it is worth noticing that

Table 4 Thermal decomposition characteristics on DSC curves of potassium treated RTS

Samples Tp/ HR hax1/ Ayl Tpo!/ HR axo/ Ayl Tps/ HR hax3/ As/
°C mW mg~! Jg™! °C mW mg~! Jg! °C mW mg™! Jg!

Control 299.9 6.0 379.9 458.6 31.7 1743.6 / / /
ED-modified RTS 324.4 16.75 917.1 419.1 25.77 1208.0 / / /
Potassium acetate 290.1 5.698 431.8 372.7 5.909 545.4 595.9 30.08 1036.5
Potassium malate 302.3 6.386 358.0 451.7 6.95 656.9 598.7 32.47 1030.2
Potassium citrate 294.8 7.296 430.2 383.2 5.437 733.9 594.7 32.53 1080.8
Potassium chloride 305.5 8.858 588.7 475.1 32.28 1594.9 / / /
Potassium sulfate 290.1 11.88 636.4 432.8 32.58 1629.9 / / /
Potassium phosphate 285.2 9.735 462.8 408.5 30.96 1455.4 / / /

T, temperature at the maximum heat release rate of RTS

HR,,,. maximum heat release rate

A heat release of the exothermic peak on DSC curves
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MLR,,.x> increases slightly for all inorganic potassium
salts with an average increment of 3.13% min ™', suggest-
ing that inorganic anions could accelerate the combustion
of residual char. What is more, the residual mass at 500 °C
all increase lightly compared with ED-modified RTS,
which reveals that inorganic potassium also promotes char
formation [34]. It should be noted that the residual mass at
1000 °C of potassium chloride-added RTS was signifi-
cantly lower than one of the other inorganic potassium
salts-added RTS, which may be due to the enhancement of
alkali metal emission by chlorine [34].

Based on the above study, it can be found that all the
organic and inorganic potassium salts have the similar
influence on the carbohydrates pyrolysis stage by shifting
the whole stage toward lower temperature and decreasing
the maximum mass loss rate with the improvement of char
yield, due to the catalytic effect of alkali metal on biomass
pyrolysis [8]. What is important, inorganic potassium only
affects the process of char oxidation on the characteristic
parameters, whereas the organic ones totally change the
process into two peaks. The considerable different action of
inorganic and organic potassium salts on char yield and its
oxidation process should be resulted from potassium
chemical form. Wornat et al. [35]. have demonstrated that
the carboxylates of organic potassium salts can thermally
decompose to release carbon oxides with the alkali bonded
to char matrix, resulting in decreasing the surface area of
chars and a noticeable change in char morphology: Small
ash particles appeared to be coated and more tightly bon-
ded together by the melt of potassium, which contributes to
the remarkable improvement of char yield and stability by
organic potassium. It was also found in previous study that
alkali in inorganic form volatilized more easily than one in
the form of carboxylates at high temperature during coal
pyrolysis [36, 37]. These results illustrated that organic
anions had a crucial impact on the process of carbonization
and char properties of potassium-modified RTS. Our work
explained that it was the quantity of potassium percent
present as organic acid salts but not the total potassium
content that was important in controlling burn rate of
cigarette [10]. Furthermore, the differences between con-
trol sample and exogenous potassium-modified RTS indi-
cate that the added potassium does not behave in the same
way as the inherent minerals [22] or the content of anions
matters, indicating that interference of endogenous ions
indeed exits, and deep investigation on the influence of
content remains to be done.

Effect of potassium organic and inorganic salts
on DSC curves of RTS

Differential scanning calorimetry (DSC) results of organic
and inorganic potassium-modified RTS shown in Fig. 3

and Table 4 display a really identical conclusion with DTG
curves. With the presence of organic potassium salts, the
first exothermic peak, which mainly due to the thermal
decomposition of carbohydrates, shrinks and the initial
temperature, end temperature and peak temperature (Tp;)
all go down significantly. With regard to the secondary
exothermic stage which is ascribed to the combustion of
residual char, the heat release (A,) of the secondary peak
drops remarkably while a new peak with great peak area
(A3) appears at about 596 °C. Therefore, it can be said that
the addition of organic potassium salts totally changes the
oxidation process of chars but has less significant effect on
the thermal decomposition.

Similarly, the first exothermic stage moves toward lower
temperature, and Tp;, maximum heat release rate (HR;,ax1)
and heat release all decreased for inorganic potassium-
added RTS. Besides, the HR,,,.» and heat release (A,) of
secondary exothermic stage rise moderately as the DTG
curves suggest, confirming the close relation between the
two exothermal process and degradation of carbohydrates
and residual char.

Effect of potassium organic and inorganic salts
on evolution patterns of COx

Typical 3D FTIR spectral output of gaseous products
evolved from pyrolysis process of ED-modified reconsti-
tuted tobacco sheet is shown in Fig. 4 known as a waterfall
spectrum. Nine main absorption regions can be easily
recognized as  3780-3485 cm™', 3100-2770 cm™ ',
2400-2224 cm™', 2220-2000 cm~', 1900-1600 cm ™',
1600-1500 cm ™", 1500-1300 cm™', 1100-930 cm™" and
760-590 cm ™ in the spectrum, suggesting the difficulty to
identify every species in the mixture of gaseous products
for the interference of their IR absorbance. However, the
detection of carbon dioxide in the absorption region of
2400-2226 cm ™ is undoubted, and it is also confirmed by
the absorption peak at 672 cm ™' [38]. Also peaks at 2180
and 2108 cm™" attributed to carbon monoxide have been
conformed previously [39, 40]. CO and CO, evolution

1.00
Abs -0.50

—-0.00 50.0

2000

Time/min
Wavenumbers/cm—1 0.0

1000

Fig. 4 Typical 3D FTIR spectra of the evolved gases produced by the
pyrolysis of ED-modified RTS

@ Springer



982

M. Ding et al.

0.04
0.03
2
2 0.02
9 ——ED-modified RTS
< - — -Potassium acetate
- -+ - Dipotassium malate
0.014 —-—-Tripotassium citrate
0.00+
T T T T
200 400 600 800 1000
Temperature/°C
0.03- (b)
0.02
2
‘@
c
2
£
0.014 ——ED-modified RTS
— — Potassium chloride
- - - - Potassium sulphate
—~ Potassium phosphate
0.00+ AT ISR NS Ama Y raf,-.\.‘—r‘\l—.:_&-_:
T T T T
200 400 600 800 1000
Temperature/°C

Fig. 5 Influence of potassium treatments on CO evolution patterns

profiles plotted in Figs. 5, 6 are constructed from the
waterfall spectra by selecting a key characteristic IR
absorbance at 2180 and 2280 cm_l, respectively, and have
been normalized to the sample mass (intensity per 20 mg
of sample) to make sure the comparisons are on the
relative amount.

Carbon oxide, including CO and CO,, is a major thermal
decomposition product of RTS. Comparison of COx evo-
lution profiles with DTG and DSC curves indicated that
CO evolution was firmly related with the exothermal pro-
cess and the mass loss process of carbohydrates decom-
position and residual char combustion. Figures 5 and 6
show the influence of potassium salts on CO and CO,,
respectively. There are three basically consistent tempera-
ture ranges of about 190-350, 350-510 and 510-630 °C in
CO evolution during RTS pyrolysis treated with organic
potassium salts (cf. Figure 5a), while, for ED-modified
RTS, CO evolves only in two temperature ranges of
225-365 and 365-529 °C. All organic potassium salts
affect on the first peak of CO evolution by lowering the
temperature and absorption intensity, while for the second
peak the intensity drops remarkably, which illustrates
organic potassium salts reduced CO evolution at low
temperature (<500 °C). However, in agreement with DTG
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Fig. 6 Influence of potassium treatments on CO, evolution patterns

curve, organic potassium salts result in the formation of a
new strong CO peak at a much higher temperature, due to
the improvement of char stability. With regard to CO,
evolution, the same phenomenon and conclusion can be
identified except an ambiguous peak appeared at around
700-800 °C, which is due to decomposition of calcium
carbonate [29].

As for inorganic potassium, analysis of the two peaks
existing in the CO, and CO evolution profiles are very
identical with the DTG and DSC curves. Inorganic potas-
sium salts decline the yield for CO evolution both on the
process of carbohydrate decomposition and char combus-
tion. However, in the case of CO, evolution, a reduction on
the first peak but a slight rise on the second one appears
regardless of the anions.

Judging from the peak areas (calculated using the pro-
gram originpro9.0 32 bit [41]) of CO (cf. Table 5), it can
be deduced that, dependently on anion species, potassium
salts decrease the total CO release and the CO evolution
during the thermal decomposition of carbohydrates. The
significant inhibition of CO evolution during carbohydrates
pyrolysis elucidates the role of alkali metals in CO
reduction in mainstream smoke of cigarette. As for CO,, all
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Table 5 Peak area for CO and CO, evolution patterns

Samples CO CO,

Peak area 1 Peak area 2 Total peak area Peak area 1 Peak area 2 Total peak area
ED-modified RTS 1.62 1.08 2.70 6.22 9.22 15.43
Potassium acetate 1.07 1.33 2.40 4.52 13.31 17.83
Potassium malate 0.73 0.94 1.67 3.94 11.43 15.37
Potassium citrate 0.97 1.19 2.17 4.30 12.27 16.57
Potassium chloride 1.16 1.07 2.23 5.46 11.18 16.64
Potassium sulfate 1.10 0.93 2.03 4.29 11.15 15.44
Potassium phosphate 0.98 0.87 1.84 3.85 12.06 15.91
Table 6 Maximum firecone temperature of potassium-modified RTS
Firecone Control ED-modified Potassium Potassium Potassium Potassium Potassium Potassium
temperature RTS acetate malate citrate chloride sulfate phosphate
Maximuny/ °C 487.7 4974 476.1 489.4 486.9 506.5 523.0 512.4

potassium salts reduce its evolution during carbohydrates
pyrolysis but increase its yield during char combustion.
Furthermore, the total peak area of CO, has a slight
increase regardless of potassium species, except for
potassium malate.

IR thermography of the firecone of RTS

The maximum and average firecone temperatures of
potassium-modified RTS are shown in Table 6. Actually,
the maximum firecone temperature of ED-modified RTS is
higher than that of organic potassium treated RTS with an
average reduction of 13.27 °C, which may be due to the
heat release in wider temperature range as suggested in the
DSC curves. The reduction of firecone temperature by
organic potassium salts contributes to the reduced forma-
tion of TPM of organic potassium-added cigarette, whereas
the maximum temperature of inorganic potassium-modified
RTS conducts a different behavior with higher temperature
by 16.57 °C averagely.

Conclusions

In this study, the interference of endogenous ions was
reduced by electrodialysis method, and the effects of
potassium organic and inorganic salts as burning additives
on thermal behavior and gaseous products evolution of
reconstituted tobacco were investigated using TG-FTIR.
The results verified that ED was an efficient method with
the ions removal rate over 80% and could reduce the

interference endogenous ions on the pyrolysis behaviors of
RTS significantly. Pyrolysis tests revealed that potassium
could decrease the temperature of carbohydrates degrada-
tion by lowering the apparent activation energy. However,
firmly depending on chemical state, potassium enhanced
the formation of stable char and potassium, especially
organic state, increased the peak temperature of char
combustion greatly. Furthermore, DSC curves were influ-
enced similarly by potassium, especially organic anions for
the secondary exothermic peak. The analysis of CO, evo-
lution indicated that potassium significantly suppressed
COy release during RTS thermal degradation. In addition,
the maximum firecone temperature of RTS was consider-
ably reduced by organic potassium salts. What is more
important, comparative analysis of different potassium
salts elucidated that anion was one of the most important
factors in modifying the thermal behavior and burning
characteristics of RTS by potassium.
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