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Abstract In this paper, first the MP-modified reconsti-
tuted tobacco sheet (RTS) was prepared by a paper-making
process. Thermogravimetric analysis coupled to Fourier
transform infrared spectrometer (TG-FTIR) had been used
to investigate the influences of melamine phosphate (MP)
on the thermal decomposition and the formation of evolved
volatile products of RTS. TG-FTIR results illustrated that
the incorporation of MP into RTS could retard the thermal
decomposition of the major components of RTS and
meanwhile lead to the formation of more thermally stable
char. Moreover, the main gases released during the pyro-
lysis of RTS and MP-modified RTS were H,O, CO,, CO,
NH3;, carbonyl compounds, alcohols, phenols, alkanes, and
alkenes. The presence of MP changed the formation of
evolved volatile products of RTS obviously. The effects of
MP on the combustion behavior of RTS were studied by
micro-scale combustion calorimetry and cone calorimetry.
Results demonstrated that the formation of combustible
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gases was mainly determined by the thermal decomposi-
tion stage occurred in the temperature range of
150-600 °C. The incorporation of MP into RTS influenced
the release of fuel gases and the char formation in the
process of the thermal decomposition of RTS, and even-
tually retarded the flammability and combustibility of RTS.

Keywords Reconstituted tobacco sheet - Combustion -
TG-FTIR - Micro-scale combustion calorimetry - Cone
calorimetry

Introduction

Reconstituted tobacco sheet (RTS), due to its advanta-
geous economic impact on the manufacturing cost of
cigars and cigarettes, has been widely used by the tobacco
industry [1]. RTS can be usually produced by tobacco that
cannot be incorporated directly into cigarettes, such as
tobacco dust, mid-ribs and leaf scraps [2]. Compared with
the starting tobacco, the reconstitution processes always
lead to some loss of natural constituents of the tobacco,
yielding an adverse smoke flavor. As a result, some
additives are necessary to be incorporated into the
reconstituted tobacco sheet during the manufacturing
process for flavoring, process conditioning, and reduction
of harshness and irritation [3].

Diammonium phosphate (DAP) has been historically
used as ingredients added to reconstituted tobacco sheet, to
increase free nicotine “delivery” in cigarettes, highlight
certain flavors and release the pectins in tobacco stems so
they may form a gel which becomes the binder in the
blended leaf sheet [4]. It is noteworthy that DAP also can
be used as flame retardants, especially in the intumescent
flame retarded system (IFRS). A typical IFRS comprises an

@ Springer



1270

S. Zhou et al.

acid source—a dehydration catalyst for char formation, a
carbon source—a carbonization agent and a gas source—a
blowing agent [5]. DAP can release phosphoric acid and
incombustible gases during its thermal degradation pro-
cess, and thus has been usually used as acid source and gas
source in the IFRS. As a matter of fact, DAP has been
extensively used to improve the flame retardation of bio-
mass [6], bio-composites [7], and fabrics [8]. Similarly,
melamine phosphate (MP), as a typical intumescent flame
retardant, also has been widely used to enhance the flame
retardation of polymers, such as polypropylene, polya-
mides, and epoxy resins, etc [9-11]. However, little pub-
lications have been found on the use of MP in RTS
manufacturing processes compared to DAP. RTS, as an
integral part of the cigarette, is combusted and pyrolyzed in
a burning cigarette. Doubtless, the incorporation of MP
would influence the pyrolysis and combustion properties of
RTS definitely. Nevertheless, little studies pertaining to the
influences of MP on the pyrolysis and combustion behavior
of RTS could be found.

In the present study, RTS and the MP-modified RTS are
prepared by a paper-making process. Thermogravimetric
analysis coupled to Fourier transform infrared spectrometer
(TG-FTIR) has been used to investigate the influences of
MP on the thermal decomposition and the formation of
evolved volatile products of RTS. Moreover, the effects of
MP on the combustion behavior of RTS are studied by
micro-scale combustion calorimetry (MCC) and cone cal-
orimetry (CCO).

Experimental
Materials

MP was supplied by Hefei Jinhui Institute of Chemical
Engineering, China. The dso-value for the particle size
distribution of MP was 61.3 p. Pure RTS and MP-modified
RTS were manufactured by a papermaking process.
Detailedly speaking, in the papermaking process, the
water-soluble fraction of the tobacco scrap was first
extracted, leaving behind a tobacco pulp. The resulting
pulp was mechanically beaten to fibrillate the cellulose and
reduce its fiber length. The refined cellulose was then
formed into a web on the wire screen of a standard
papermaking machine and dried by suction and hot air. In a
parallel operation, the tobacco extract was concentrated.
The cellulose web was impregnated with the concentrated
tobacco extract (as for MP-modified RTS, 5 kg MP was
added into 40 L of the concentrated tobacco extract) and
then dried, consequently RTS and MP-modified RTS could
be obtained.

@ Springer

Measurements

Scanning electron microscopy (SEM) and energy
dispersive X-ray spectroscopy (EDX)

The morphology and elemental composition of RTS and
MP-modified RTS were investigated using field-emission
scanning electron microscopy (FE-SEM, Siron 200, Neth-
erlands) with EDX (Oxford, UK).

TG-FTIR

Thermogravimetric/infrared spectrometry analysis was
performed using TGA Q5000 IR thermogravimetric ana-
lyzer that was interfaced to the Nicolet 6700 FTIR spec-
trophotometer. About 30 mg of RTS sample was put in an
alumina crucible and heated from 30 to 950 °C at a heating
rate of 30 °C min~' under the flow of 10 % oxygen in
nitrogen. The pyrolysis products generated from the TG
furnace were introduced into the gas cell of the FTIR
analyzer by nitrogen with a flow rate at 60 mL min~"'. The
line that transferred the evolved gases from the TG to the
FTIR and the IR cell was maintained at 225 and 230 °C,
respectively. The FTIR was operated in the continuous
scan mode covering 4,000-500 cm™! at a resolution of
4 cm™"

Micro-scale combustion calorimetry

The MCC measurement was performed by an “MCC-2”
micro-scale combustion calorimeter produced by Gov-
mark, Farmingdale, New York. The RTS sample, approx-
imately 4 mg, was heated to a specified temperature (i.e.,
650 °C) using a heating rate of 30 °C min ™', in a stream of
nitrogen flow at 90 cm® min~'. The thermal degradation
products were mixed with a 10 cm® min~' stream of
oxygen prior to entering a 900 °C combustion furnace.

Cone calorimetry (CCO)

The cone calorimeter (Stanton Redcroft, UK) tests were
performed on the basis of ISO 5660 standard procedures.
Each specimen of dimensions 100 x 100 x 0.2 mm® was
wrapped in aluminum foil and exposed horizontally at an
external heat flux of 35 kW m™~.

Results and discussions
Morphology of RTS and APP-modified RTS

Figure 1 shows the SEM images and EDX spectra of RTS
and MP-modified RTS. From SEM images (Fig. 1a, b), it
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Fig. 1 SEM images and EDX
spectra of the surface for a,
¢ RTS and b, d MP-modified
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can be seen that the surface of MP-modified RTS contains
more particles in comparison with that of pure RTS.
Moreover, the results of the EDX elemental microanalyses
show that the elements on the surface of pure RTS are
mainly C, O, Ca, K, Cl, Mg, etc. For MP-modified RTS,
one intensive peak appears corresponding to P elements,
indicating the existence of MP.

The thermal decomposition of pure RTS and MP-
modified RTS

Figure 2a and b present TG and DTG curves obtained from
the thermal decomposition of pure RTS and MP-modified
RTS under the atmosphere of 10 % O, in nitrogen,
respectively. The onset degradation temperature of samples
was evaluated by the temperature of 5 wt% mass loss
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Temperature/°C

100 200 300 400 500 600 700 800 900
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(T_s5 ¢); the mid-point temperature of the degradation
(T_s0 %), and the solid residue left at 900 °C were obtained
from the TG curve; the temperature of the maximum mass
loss rate (Tp,.x) of samples was obtained from the DTG
curve. These data are listed in Table 1.

As for neat RTS, its TG and DTG curves mainly show
five mass loss stages. The first stage with a light mass loss
of 11.0 % takes place in the temperature range of
40-150 °C, mainly corresponding to the loss of water and
volatile species. It is followed by the two sharp mass losing
stages occurred at 200-280 and 280-370 °C, respectively,
leading to 44.1 % mass loss totally. This is due to the
thermal degradation of some major constituent of recon-
stituted tobacco sheet (i.e., cellulose, hemicellulose, lignin,
pectin, etc.,) with the evolution of various gaseous products
and the formation of solid char [12-15]. The following
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Table 1 TG data of pure RTS and MP-modified RTS

Sample T_5¢/°C T_50 /°C Tpax/°C  Residual mass
(at 900 °C) /%
Pure RTS 86 320 302 10.58
MP-modified 94 336 310 11.24
RTS
0.0012 4 Pure RTS
—— MP-modified RTS
0.0010 302°C
< 0.0008 1 670°C
>
'Z0.0006 1 e
e
E 380 °C
0.0004 .
0.00024 150°C
0.0000

T T T T T T T T T
100 200 300 400 500 600 700 800 900
Temperature/°C

Fig. 3 The Gram-Schmidt curves of the total FTIR absorbance
intensity of evolved gases gotten during the pyrolysis of per milligram
pure RTS and MP-modified RTS in TG-FTIR tests

thermal degradation process from 370 to 670 °C is caused
by the thermal decomposition of char [16]. After 680 °C,
the thermal decomposition of CaCOj3; and other salts results
in the appearance of the last mass losing stage. The residual
mass at 900 °C is 10.58 %.

Compared the TG curve of MP-modified RTS with that
of RTS, it is clearly seen that the presence of MP changes
the thermal degradation behavior of RTS obviously.
According to Fig. 2a and Table 1, the data of T_s5 4,
T_s0 % and the residual mass at 900 °C of MP-modified
RTS are higher than those of RTS, indicating that the
incorporation of MP into RTS could improve the thermal
stability of RTS. As shown in Fig. 2b, the DTG curve of
MP-modified RTS is different from that of RTS, though it
mainly consists of five mass loss stages as well. To be
specific, in terms of the second mass losing stage in the
temperature range of 200-280 °C, for MP-modified RTS,
the peak of mass loss rate is 9.77 % min~ ' at 267 °C
instead of 11.4 %/min at 263 °C for virgin RTS. During
the mass loss stage occurred between 280-370 °C, the T}«
value of RTS is 302 °C, while that for MP-modified RTS is
312 °C. Moreover, compared to neat RTS, the temperature
corresponding to the maximal mass loss rate appeared in
the fourth mass loss step of MP-modified RTS is enhanced
from 401 to 434 °C. According to the above analysis, it is
noted that the incorporation of MP into RTS could retard
the thermal decomposition of the major components of
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RTS and meanwhile lead to the formation of more ther-
mally stable char.

FTIR analysis of pyrolysis gases

Figure 3 shows the Gram—Schmidt curves of the total FTIR
absorbance intensity of gaseous products gotten during the
pyrolysis of per milligram pure RTS and MP-modified RTS
by TG-FTIR. It can be seen from Fig. 3 that the Gram—
Schmidt curves of pure RTS and MP-modified RTS mainly
consist of three steps. Comparison of Gram—Schmidt curve
with DTG curve indicates that the temperature of the IR
absorbance peaks is in agreement with that of the DTG
peaks, although the DTG curve has two more peaks than
the Gram—Schmidt curve. Before 150 °C, the first step of
Gram—Schmidt plot is corresponding to the initial thermal
decomposition stage of DTG curve. The second and third
mass loss stages in DTG curve play the most important role
in determining the formation of the second step of Gram—
Schmidt plot. The appearance of the third step of Gram-—
Schmidt plot is due to the last two thermal decomposition
stages of DTG curves. Compared to neat RTS, the intensity
of the Gram-Schmidt curve for MP-modified RTS is rel-
atively weaker when the temperature is below 670 °C,
illustrating that the amount of evolved gas for MP-modified
RTS in this stage is lower than that for neat RTS.

The 3D FTIR spectra (absorbance—wavenumber—min-
utes) of the gaseous products obtained from the pyrolysis of
pure RTS and MP-modified RTS is showed in Fig. 4. As
shown in Fig. 4, it is clear that there are mainly following
absorption regions, i.e., 3786-3443, 3130-2670, 2400-2226,
2220-2000, 1850-1580, 1570-1250, 1500-1300, 1240-830,
and 770-590 cm™!, which could be observed from the 3D
FTIR spectra. Although it is difficult to identify every spe-
cies in the mixture of gas products for the overlapping of
their IR absorbance, some gas products with very specific IR
absorption can be identified easily. The detection of carbon
dioxide in the absorption region of 2,400-2,226 cm™' is
undoubted, and it is also confirmed by the absorption peak at
672 cm™! [17]. The attribution of the peaks at 2,180 and
2,110 cm™! to carbon monoxide is also definite [17]. The
absorption peaks at 3,730 and 1,508 cm~ ! are well known to
be due to the absorptions of water vapor [18]. Moreover, the
adsorption band at 965 cm™' has been widely used to
determine the existence of NH; [19]. The presence of alkene
compounds are indicated by the IR bands at 3,090 cm™ ',
typical stretching vibrations of =C—H and the absorption
bands at 1,650 cm™ !, due to the C=C stretching vibrations,
illustrating the existence of ethene. The bands between
3,000-2,770 and 1,500—1,300 cm™ " are an indication of the
presence of aliphatic species such as -CH; and —CH,—, of
which methane is the most abundant [20]. The bands
between 1,850 and 1,660 cm_l, ascribed to the C=0 group
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Fig. 4 The 3D surface graph
for the FTIR spectra of the
evolved gases produced by the
pyrolysis of a pure RTS and
b MP-modified RTS in
TG-FTIR tests
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of carbonyl compounds, indicate the release of some
organics, including aldehydes, acids, ketones, anhydrides,
etc [21]. The intense bands at 1,100-930 cm ! are attrib-
utable to the stretching of C—O bonds from alcohols. In
particular, the peak at 1,056 cm ™', assigned to the typical
absorption of primary alcohols, denotes the presence of
methanol [22]. Consequently, according to the above

-
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100 200 300 400 500 600 700 800 900
Temperature/°C

analysis, it is noted that the main gases released during the
pyrolysis of RTS and MP-modified RTS are H,O, CO,, CO,
NHs;, carbonyl compounds (such as aldehydes, ketones, and
acids), alcohols, phenols, alkanes, and alkenes.

Figure 5 shows the evolution curves of some of the main
gaseous products, i.e., H,O, CO, NHj;, ethene, methane,
and carbonyl compounds, from the pyrolysis of per
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Fig. 6 HRR versus temperature curves of pure RTS and MP-
modified RTS during MCC tests

Table 2 MCC data of pure RTS and MP-modified RTS

Sample PHRR /W g=' THR /kJ g~' Ignition
temperature /°C

Pure RTS 329 4.9 330.2

MP-modified RTS 36.3 3.8 343.6

milligram pure RTS and MP-modified RTS. As for virgin
RTS, only little H,O and carbonyl compounds could be
found in the curves when the pyrolysis temperature is

Fig. 7 a HRR, b THR, and

below 200 °C, since the absorbed water and volatile car-
bonyl compounds are released out by evaporation. When
the temperature is beyond 200 °C, H,O, CO, ethene,
methane, and carbonyl compounds form quickly with the
extensive thermal degradation of saccharide ingredients
(such as sugars, celluloses, starch, and gums), which are
some major constituent of reconstituted tobacco sheet. It is
noteworthy that the further thermal decomposition of the
char formed in the third mass loss stage also can lead to the
formation of CO and H,O at relatively higher temperature.
With regard to NHj, the release of NHj is primarily due to
the thermal decomposition of nitrogen-containing com-
pounds in tobacco, such as protein, amino acid, amine salt,
nicotine, nitrate, and tobacco-specific nitrosamines, etc [23].

Release of H,O, CO, NHj, ethene, methane, and car-
bonyl compounds during the thermal decomposition of
MP-modified RTS generally follows a similar trend to that
of neat RTS. However, with the exception of NHj, by
comparing the intensity of the peak release rates for H,O,
CO, ethene, methane, and carbonyl compounds, it can be
observed that the peak of release rate for MP-modified RTS
is lowered as compared to the untreated RTS. It is inter-
esting to compare the formation of NH; for pure RTS with
that for MP-modified RTS. As seen from Fig. 5, the for-
mation process of NHj is mainly composed of two stages.
The first stage appears in the temperature range of
183-400 °C. In this stage, the release intensity of NH3 for
MP-modified RTS is relatively weaker in comparison with
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that for pure RTS. However, when the temperature is above
400 °C, the release intensity of NH3 for MP-modified RTS
increases sharply and becomes far stronger than that for
pure RTS. This is quite reasonable when taking into con-
sideration that the thermal decomposition of MP itself. As
a matter of fact, these transformations could be caused by a
progressive condensation of the melamine groups in MP
with the elimination of NH;. According to the literature, at
above 250 °C, melamine is condensed to melam, melem,
and melon with the increase of the temperature [24].

Combustion behavior of RTS and MP-modified RTS

MCC, as a pyrolysis combustion flow calorimeter using
controlled pyrolysis and complete combustion of the fuel
gases, can provide a convenient methodology for evaluating
the combustion and pyrolysis properties of pure RTS and
MP-modified RTS [25]. Fig. 6 shows heat release rate
(HRR) versus temperature curves of pure RTS and MP-
modified RTS. The data of peak heat release rate (PHRR),
total heat release (THR), and ignition temperature are listed
in Table 2. As for pure RTS, it starts to decompose and form
fuel gases at 150 °C as shown by an increase in HRR curve.
The HRR value reaches its maximum (32.9 W g_l) at
334 °C (i.e., ignition temperature) and then decreases
quickly to 9.0 W g~! when temperature is up to 380 °C.
With the further increase of temperature, a relatively small
peak appears at 478 °C in the HRR curve, obviously
resulting from the thermal decomposition of char. Then HRR
curve ends at 600 °C, illustrating that the termination of
pyrolytic formation of fuel gases. Comparison of HRR curve
with DTG curve indicates that the formation of fuel gases is
mainly determined by the thermal decomposition stage of
RTS occurred in the temperature range of 150-600 °C.

In terms of MP-modified RTS, it is clearly seen from
Fig. 6 that the trend of the HRR curve for MP-modified
RTS is quite similar to that for neat RTS. However, when
temperature is below 336 °C, at the same temperature, the
HRR value of MP-modified RTS is lower in contrast with
that of neat RTS, demonstrating that the incorporation of
MP into RTS limits the release of fuel gases in this tem-
perature range. In the temperature ranged from 336 to
443 °C, it is interesting to see that the HRR value of
MP-modified RTS become bigger than that of neat RTS.
This demonstrates that MP-modified RTS releases more
combustible gases (such as CO, ethene, and methane, as
showed in Fig. 5) in this temperature range compared to
neat RTS. When temperature is above 443 °C, the HRR
value of virgin RTS is higher than that of MP-modified
RTS, indicating that the char formed during the thermal
decomposition of MP-modified RTS is relatively more
stable. Moreover, as showed in Table 2, the THR of
MP-modified RTS is lower than that of neat RTS,

suggesting that the combustibility of RTS is retarded by the
incorporation of MP. This also can be testified by the
results obtained from cone calorimeter tests.

Cone calorimeter testing can provide a wealth of infor-
mation on the combustion behavior of materials under con-
trolled levels of radiant heating [26]. The HRR, THR, and
total smoke production (TSP) curves of the modified RTS
versus RTS under a heat flux of 35 kW m ™2 are showed in
Fig. 7. HRR, in particular the peak HRR (PHRR), has been
found to be one of the most important parameters to evaluate
the flammability of materials. As seen from Fig. 7a, the neat
RTS burns very fast after ignition, and a sharp RHR peak
appears with a PHRR value of 143 kW m 2. In the case of
the MP-modified RTS, its PHRR value is reduced to
112 kW m 2 Moreover, the time to ignition of MP-modi-
fied RTS is prolonged in comparison with that of virgin RTS.
Figure 7b gives the THR curves of neat RTS and MP-mod-
ified RTS, it is noticeable that the THR value of neat RTS is
higher than that of MP-modified RTS at the same time in the
process of the whole combustion. At the end of burning, pure
RTS has released a total heatof 11.1 MJ rnfz, whereas MP-
modified RTS only released 10.0 MJ m™2. The experimental
data above confirms that the flammability of MP-modified
RTS is markedly lower than that of neat RTS. Another
important parameter that helps the understanding of the
combustion related to materials is emission of smoke. As
showed in Fig. 7c, the TSP value of pure RTS is lower than
that of MP-modified RTS, because pure RTS is rapidly
burned at early stage of combustion. After an ignition time of
36 s, pure RTS produces more smoke in comparison with
MP-modified RTS, indicating that MP has a smoke sup-
pression effect.

Conclusions

TG-FTIR results illustrated that the incorporation of MP
into RTS can retard the thermal decomposition of the major
components of RTS and meanwhile lead to the formation
of more thermally stable char. Moreover, the main gases
released during the pyrolysis of RTS and MP-modified
RTS were H,O, CO,, CO, NHj, carbonyl compounds,
alcohols, phenols, alkanes, and alkenes. The presence of
MP changed the formation of evolved volatile products of
RTS obviously. MCC and CCO results showed that the
formation of combustible gases were mainly determined by
the thermal decomposition stage occurred in the tempera-
ture range of 150-600 °C. The incorporation of MP into
RTS influenced the release of fuel gases and the char for-
mation in the process of the thermal decomposition of
RTS, and eventually retarded the flammability and com-
bustibility of RTS obviously.
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