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Abstract: Nowadays, the use of tobacco biomass as an energy source is being valued. Therefore,
it is important to know the processes that take place during combustion and pyrolysis, as well
as the substances that are formed. In this work, we study the compounds obtained during the
decomposition of NNN as a function of temperature under inert and oxidant atmospheres. Moreover,
the effect of the addition of SBA-15 and MCM-41 is analyzed. Two different techniques, i.e., TG/FTIR
(low heating rates) and EGA Py/GC/MS (high heating rates), are used. At low temperatures
NNN is almost unaltered, but it is volatilized and dragged by the carrier gas. When increasing the
temperature, decomposition takes place, with pyridines being one of the most abundant compounds
observed. The main compound obtained during the pyrolysis are 3- pyridinecarbonitrile, myosmine
and nornicotine, which are precursors of NNN. When NNN is mixed with SBA-15, the decomposition
of the NNN nitrosamine is favored at low temperatures where the yield in pyridine compounds
increases. The catalysts modify the temperature and intensity of the processes, especially under an
oxidative atmosphere where the residue is oxidized, showing a third loss of weight. These materials
modify the compositions of gases, mainly under an O2 atmosphere (3-pyridinecarbonitrile and
myosmine showed the major effect). SBA-15 with fibrous morphology obtains the best reductions at
pyrolysis conditions.

Keywords: NNN; nitrosamine; pyridines; SBA-15; MCM-41; pyrolysis; mesoporous catalysts;
EGA/Py/GC/MS

1. Introduction

Currently, the fact that smoking is strongly related to lung cancer and other deceases
is known everywhere. However, many people are not aware of the amount of substances
present in tobacco (or generated in the smoking process) that have cancerogenic effects [1–3].
Cigarette smoke presents more than 8000 different compounds [4], and it is likely that
this number could still increase. At least 250 are known to be highly toxic and harmful,
including hydrogen cyanide, carbon monoxide or ammonia, and 69 compounds have
confirmed carcinogenic activity in humans [5,6].

Due to this, with the aim of reducing tobacco consumption and, at the same time,
trying to maintain the economic value of the companies that produce tobacco, work is being
performed on the possibility of promoting the role of tobacco as a source of biomass in the
production of medicine [7], cosmetics [8] or energy [9]. The studies carried out to date and
the new studies focused on the characterization and behavior of tobacco components can
help to achieve a better guide in this new application.
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Nitrosamines are organic molecules including the N-nitroso functional group. Differ-
ent nitrosamines can be found in tobacco smoke, both in the gas phase and in the particulate
phase. TSNAs in tobacco smoke are frequently classified into three groups regarding their
chemical nature: volatile nitrosamines (VNAs), nonvolatile nitrosamines (NVSAs) and
tobacco-specific nitrosamines (TSNAs).

Tobacco-specific nitrosamines (TSNAs) are one of the most important groups of car-
cinogens in tobacco products (Hoffmann and Hecht include them in their list of tumoral
agents in tobacco smoke several VNAs [10]).They are principally formed by the nitrosation
of the alkaloids present in the tobacco plant [11].

Most of the nitrosamines cause mutations in DNA and are carcinogenic to humans,
with the nitrosamines NNK (nitrosamine ketone derived from nicotine) and NNN (ni-
trosonornicotine) being the ones with the highest risk [12,13].

Normally, only a little portion of TSNAs is generated during the smoking process. The
major portion of the TSNA is generated during the curing process, and it is transferred into
tobacco smoke as preformed TSNA [14]. They can be formed by a pyrosynthesis process
from the tobacco alkaloids acting as precursors. Nornicotine, anabasine and anabatine are
precursors of NNN, NAB, NAT and NNK, and nicotine is also a precursor of NNK and
NNN [15]. It is generally accepted that NNN is formed via the nitrosation of nornicotine, a
secondary alkaloid generated directly from nicotine through activity of the enzyme nicotine
demethylase. NNK is formed from the nitrosation of nicotine or its oxidized products [16].

In the formation process of nornicotine, anabasine and anabatine, these molecules
suffer an oxidative N-nitrosation of the secondary amines. According to Hecth et al. [17],
NNK is formed through the oxidative N-nitrosation of the tertiary amine of the nicotine
followed by the opening of C2′ ring and the pyrrolidine ring.

Adams et al. [18] concluded that around 6.9–11% of the NNK formed as a consequence
of the curing process passes to the smoke during smoking, representing 26–37% of the
total NNK detected. Brunnemann and Hoffmann [19] have analyzed the amounts of four
TSNAs in the smoke of different tobaccos. They found amounts ranging from 113 to
788 ng/cigarette total TSNAs.

The use of zeolites and other mesoporous and microporous aluminosilicates as zeolite
NaA, NaY, ZSM-5, SBA-15 and MCM-48 has been studied for removing nitrosamines from
the air [20–22] and water [23,24]. Factors such pore size, surface area, morphology and
interaction among the functional groups of the nitrosamines and the adsorbents have
significant influences on the process.

Removing nitrosamines from the tobacco smoke is a more complicated process, since
TSNAs are heavier and are part of the particulate matter, whose particle size is larger
than the materials pore diameter [24]. However, Gao et al. [25] found that the CAS-1
calcsilicate removes among 30–60% of TSNAs from the smoke, whereas materials such as
NaA zeolite being very effective in removing nitrosamines from air streams, hardly reduced
11% of TSNAs from tobacco smoke. They explained such results being because the fiber
morphology of the calcsilicate favors the collision of the particulate matter.

Lin et al. [26] highlighted the ability of SBA-15 and NaY zeolite for removing the
particulate matter and TSNAs, observing a certain selectivity of the SBA-15 due, again, to
its fiber-like morphology. These authors also used other zeolitic catalysts in their acid and
sodic forms, as well as MCM-41, for reducing TSNAs in Burley tobaccos. They also studied
the decomposition of the TSNAs adsorbed on the catalysts. This study observed that the
aluminosilicates were more uniformly distributed on tobacco strands due to their low
apparent density. They found a 19% and 30% reduction of TPM and 22% and 35% TSNAs
when using MCM-41 and SBA-15, respectively. However, they developed their study by
adding 10 µL of a solution with 5 mg of nitrosamine in 5 mL of methanol to 5 mg of catalyst,
previously activated. Once the methanol is evaporated, the resulting concentration of
nitrosamine is around 0.33 wt%. This seems a very high catalyst concentration, very far
from a possible real application. Moreover, the product may result in a heterogeneous
mixture, since not all the catalyst may be wet by the solution. The products were analyzed
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only by GC/MS at an inert atmosphere. The experiments reported by these authors, on the
decomposition of the NNN adsorbed on these catalysts, are very interesting and constitute
a valuable reference for our work.

According to [27–29], the NNN pyrolysis starts by the breaking of N-NO bond, and
the intermediate formed reacts through two pathways. The first is the dehydrogenation
to give 3-(4,5-dihydro-3H-pyrrole-2-yl) pyridine, and the second is the methylation of the
nitrogen atom of the pyridine ring to give 3-(N-methylpyrrolidine-2-yl) pyridine, that
can be aromatized to produce 3-(N-methylpyrrol-2-yl) pyridine. The main product is
3-(4,5-dihydro-3H-pyrrole-2-yl) pyridine, that further decomposes to 3-vinylpyridine and
3-pyridinecarbonitrile through the breaking of the C-N and C-C bonds of the five atoms
ring. In the presence of zeolites and aluminosilicates of the SBA-15 and MCM-41 type,
cyanopyridine was not obtained, but quinoline and isoquinoline were observed. This
indicates that the pyrrole ring has not been cracked, but has been rearranged to a more
stable structure involving a benzene ring on the quinoline. According to these authors,
the decomposition products are not as carcinogenic as the NNN. On another hand, they
observed that the catalysts were strongly adhered to the tobacco leaf and did not pass to
the smoke.

In our group, we have studied the use of aluminosilicates to reduce the toxicity of
tobacco. We have also studied the effect of these catalysts on the products derived from the
pyrolysis and combustion of the highly toxic compounds present in tobacco smoke. These
analyses have been carried out as a function of temperature. Recently, we have studied the
effect of such catalysts on different tobacco additives and nicotine [30–34].

Thus, the objective of the present work, is to study the decomposition of
N-nitrosonornicotine (NNN) in TG/FTIR at a slow heating rate, as well as the fast pyrolysis
at different temperatures in an EGA pyrolysis equipment connected in line with a GC/MS.
In this way, it is intend to evaluate the nature of the compounds generated when this
nitrosamine is heated under inert and oxidizing atmospheres (He and air), emulating the
processes of combustion and pyrolysis present in smoking. In addition, the effect of three
mesoporous materials, SBA-15f (fiber like morphology), SBA-15p (platelet like morphology)
and MCM-41, in direct contact with the NNN and under the same conditions, is studied
to evaluate the modification in the compound generated during the decomposition of
this nitrosamine. These catalysts have been studied in the decomposition of nicotine in a
previous paper [35] (under review), and will be studied in the decomposition of NNK in a
complementary work.

2. Experimental

Nitrosamine N-nitrosonornicotine (NNN) with purity higher than 98% was supplied
from Alfa Aesar. Then, a solution of NNN 0.5% w/w in methanol was prepared. A SBA-
15 with a fiber-like morphology (SBA-15f) was synthesized according to the procedure
described by Zhao et al. [36]. BASF P123, Tetraethyl orthosilicate (Wacker, >99% purity)
and HCl (Merck 37%) were used as reactants. The SBA-15 with platelet-like morphology
(SBA-15p) was synthesized according to the procedure described by Yeh et al. [37] us-
ing Cetil trimethyl ammonium bromide and sodium dodecyl sulphate (Acros Organics,
>99% purity), sulphuric acid (Merck, >99% purity), sodium silicate (Schalau, neutral solu-
tion pure) and sodium hydroxide (Sigma Aldrich, >98% purity). MCM-41 was prepared as
described Gaydhankar et al. [38], employing Cetil trimethyl ammonium bromide (Acros Or-
ganics, >99% purity), ammonia (merck, 25% solution) and tetraethyl orthosilicate (Wacker,
>99% purity).

The catalysts obtained were characterized by N2 adsorption isotherms (using a Quan-
tachrome AUTOSORB-6), DRX (using a Bruker CCD-Apex, diffractometer) and electron
microscopy (using a JEOL JSM-840 apparatus). The temperature-programmed desorption
(TPD) of ammonia allows for the acidity of the materials to be obtained. The analysis was
developed in a Netzsch TG 209 thermobalance. Maintaining a N2 flow of 45 mL/min, the
samples were heated at 500 ◦C with a rate of 10 ◦C/min. Then, the materials were cooled
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to 100 ◦C, and a flow of ammonia of 35 mL/min was applied during 30 min. Next, in
order to remove the physisorbed ammonia, a flow of 45 mL/min of N2 was applied for
1 h, maintaining the temperature. Finally, the samples were heated to 900 ◦C with a rate
of 10 ◦C/min. The acidity was quantified according to the weight loss observed in the
TPD experiment. The Si/Al ratio was determined by X-ray fluorescence (XRF) in a Philips
Magix PRO, model PW2400.

The characteristics of the SBA-15f, SBA-15p and MCM-41 materials are shown in
Table 1 and Figures 1 and 2.

Table 1. Characteristics of catalysts obtained.

Catalyst Pore Size (nm) Pore Volume
(cm3/g)

BET Area
(m2/g)

External Surface
Area (m2/g)

Acidity
(mmol/g)

Si/Al Ratio
(%)

SBA-15f 6.091 0.954 728.1 552.1 0 100
SBA-15p 7.244 1.281 1009 591.8 0 100
MCM-41 2.182 0.905 1154 199.3 0.42 47
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The DRX diffractograms showed the typical behavior of these materials. The two
SBA-15s show the diffractogram peaks (100), (110) and (200) characteristic of the P6mm
symmetry [36]. The diffraction pattern of the MCM-41 obtained is also characteristic
of this aluminosilicate. The morphology of these materials was observed in the SEM
micrographs (Figure 2). The SBA-15 presented a fiber-like (SBA-15f) and platelet-like
(SBA-15p) morphology, and MCM-41 showed the particulate aspect of this material.

TG/FTIR were run in a Mettler Toledo TGA/DSC 1 STARe coupled to a FTIR Bruker
Tensor 27. The transfer line was maintained at 200 ◦C. The temperature program was
20 min at 40 ◦C, heating at 35 ◦C/min up to 800 ◦C and holding temperature during 5 min.
80 mL/min of N2 (99.9992%) or air synthetic (21% O2 and 79% N2) were used as the
entrained gas in the corresponding experiments. FTIR spectra were obtained at four scans
per second between 600 and 4000 cm−1.

The other series of experiments were carried out under flash conditions in a multi-shot
pyrolyzer model EGA/PY-3030D, supplied by Frontier Laboratories, and directly coupled
on a GC/MS (gas chromatograph Agilent 6890N with electron-impact mass selective
detector Agilent 5973). To separate the compounds, an UA5-30M-0.25F column was used
with 2 mL/min flow. The experimental conditions used were: an isothermal ramp at 45 ◦C
during 5 min, a dynamic ramp until 285 ◦C at 12 ◦C/min and a final isothermal of 5 min,
with a 50:1 split ratio. The decomposition of NNN nitrosamine was studied under two
atmospheres at different temperatures. Flash pyrolysis experiments were performed in He
(99.9992% purity) at 300, 400 and 500 ◦C, and flash oxidative experiments were performed
in synthetic air (21% O2 and 79% N2) at 300, 325, 350, 375, 400 and 425 ◦C.

Afterwards, when running TG experiments, approximately 30–40 mg of this solution
was placed in the sample holder and heated at 80 ◦C to eliminate the methanol. Operating
in this way, the amount of NNN in the sample holder was around 1.5 to 2 mg. When using
a catalyst, around 2 mg of catalyst was placed in the sample holder and 30–40 mg of the
NNN methanol solution was added. In this way, the ration NNN/catalyst was around
1:1. In the case of EGA experiments, around 3.7 mg of the NNN/methanol solution was
added. When running catalytic experiments, around 0.2 mg of catalyst was first placed in
the sample holder and then the solution was added. In this case, the NNN/catalyst ratio
was around 1/11. The sample holder was heated to 80 ◦C to remove the methanol and then
kept in a cold area. The equipment was heated at the selected temperature, and the sample
was introduced into the oven and maintained at this temperature during 0.2 min. Finally,
the compounds generated were separated by GC and detected by MS. This procedure was
used in the presence and absence of catalysts, so that the results were not affected by the
sample preparation method.

3. Results and Discussion
3.1. TG/FTIR Experiments

Figure 3 shows the TG and DTG traces of the NNN and the NNN with the three
catalysts, performed under inert atmosphere.

Data below 100 ◦C are not shown because they correspond to the loss of water in the
samples with the catalyst. Data under an inert atmosphere corresponding to sole NNN
present a wide process with a peak at 190 ◦C and a shoulder at around 183 ◦C. Another
shoulder, more marked, can be observed at 218 ◦C, as a result of NNN volatilization
and decomposition. When using the two SBA-15 catalysts, the main peak is shifted to
higher temperatures (267 ◦C), and another minor peak at 155 ◦C and a marked shoulder at
197 ◦C are observed. The first processes observed may correspond to the volatilization and
decomposition of NNN that does not interact or interacts weakly with the catalyst (this
peak is slightly more marked for the SBA-15f), whereas the main peak must be the result of
the NNN adsorption in the catalyst pores and the further decomposition of the catalyst’s
pore structure. MCM-41 produces more marked changes, and up to four processes can
be observed. At low temperatures, a shoulder at 155 ◦C and a peak at 176 ◦C, followed
by other at 197 ◦C, can be observed. These two peaks are much more intense than those
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observed with the SBA-15 catalysts. The main peak appears at 247 ◦C, being lower than in
the case of the other catalysts and presenting a tail at high temperatures.
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Figure 3. TG and DTG curves for experiments with NNN and NNN with three catalysts under
inert atmosphere.

These changes, compared with the experiment without a catalyst, may be related to
the interaction between the NNN and the different porous structures of these materials.
The first peaks that appear in the presence of the catalyst below 200 ◦C are similar to
those presented by NNN when it is alone, and could be due to the evaporation and partial
decomposition of the nitrosamine that has not interacted with the catalyst. The rest of
the NNN that decomposes at higher temperatures is probably retained in the pores of the
catalysts or has been adsorbed on their external surface. According to the intensity of the
main peaks of the DTG, the amount of NNN adsorbed would be higher for the SBA-15,
which is consistent with its larger pore volume and external surface area.

These peaks at a low temperature will be in good agreement with the results of the
pyrolysis in the EGA equipment, where the decomposition of the NNN in the presence of
catalysts is observed at lower temperatures, especially in the case of MCM-41.

Under the air atmosphere (Figure 4), the results of sole-NNN are very similar to those
under inert conditions, showing very little influence of the atmosphere on the thermal
behavior of NNN. When using the catalyst, the first part of the thermogram is also very
similar to that in N2, but from temperatures around 290 ◦C a significant residue is obtained
(i.e., around 15%) that decomposes at an almost constant rate up to 700 ◦C. Again, the
traces corresponding to the two SBA-15s are very similar, and the greatest differences are
produced by the MCM-41. In this case, a much more pronounced residue is obtained that
oxidizes at temperatures between 500–700 ◦C.
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The IR data under the inert atmosphere show a very poor resolution, and only the
bands corresponding to NO at 1906 and 1842 cm−1 and those corresponding to CN (triple
bond) at 2229 cm−1 can be hardly observed, being slightly more intense when using the
catalyst. Nevertheless, the data show no conclusive differences.

Under the air atmosphere, the IR spectra show higher differences (Figure 5), mainly
with respect to the bands corresponding to CO at 2193 cm−1 and CO2 at 2351 cm−1. The
peaks around 250 ◦C are of similar intensity for the 2351 cm−1 band, and the presence of
catalysts provoke their appearance at lower temperatures in both bands. During the second
interval, at temperatures around 570 ◦C, a very intense signal is observed in the 2351 cm−1

(CO2) band. This signal is enhanced mainly by the presence of MCM-41 and followed
by the two SBA-15s, presenting less (or negligible) intensity in the experiment without a
catalyst. A similar behavior is observed for 2193 cm−1 band. This fact could confirm the
higher generation of carbonaceous residue in the presence of MCM-41, which is oxidized
at high temperatures in an oxidizing atmosphere. MCM-41 also produces a large peak of
aromatic C-H band (700 cm−1) at high temperatures and presents a lower intensity of the peaks
of the R-O bands at 1238 cm−1, C=C at 1468 cm−1 and NO at 1913 cm−1. Nevertheless, the
information provided by this technique is very limited and much more interesting results are
obtained by EGA, where the composition of the gases evolved can be obtained.
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3.2. EGA Fast Pyrolysis of Sole NNN

Figure 6 shows the spectra obtained at the three temperatures studied for NNN in
the He atmosphere. As can be seen, at 300 ◦C the chromatogram presents two major
peaks where the largest corresponds to NNN (at around 18 min retention time). When the
temperature increases, the intensity of the NNN peak decreases, disappearing at 500 ◦C.
The peak of myosmine (at around 15 min retention time) presents a maximum at 400 ◦C,
whereas the other peaks observed increase their intensity with increasing temperature.
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Figure 7 shows the spectra obtained for NNN in the air atmosphere at the six tempera-
tures studied.
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Figure 7. Chromatograms of the pyrolysis of NNN at different temperatures under the air atmosphere.

Under air atmosphere, the NNN (18 min) is less stable and the peak of myosmine
(15 min) at 300 ◦C is already the major peak. At 400 ◦C the NNN has almost disappeared.
Under He atmosphere, 94 peaks have been assigned, and 93 under air atmosphere. Ap-
pendix Table A1 shows the list of compounds assigned in all experiments that represent
more than 0.5% area and have a match-quality factor higher than 80%. We assigned
1H-pyrrol [2,3-b] pyridine and 5,6 dimethyl-3H Pyrrol [2,3-b] pyridine by interpreting
their mass spectra and considering the probability of obtaining such structures from the
NNN pyrolysis.

Figure 8 shows the evolution of the % area of NNN versus temperature for the two
atmospheres. It can be seen that the NNN is more stable in the He atmosphere than in air,
showing a marked degradation at 300 ◦C under oxidizing conditions.
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Figure 8. Evolution of NNN with temperature in the He and air atmospheres.

Figure 9 shows the evolution of the main compounds detected under inert condi-
tions versus temperature. Myosmine (compound number 29) is the main compound at
the three temperatures considered, reaching a yield of around 27% at 400 and 500 ◦C.
3-pyridincarbonitrile (compound 13) is the second major compound at 500 ◦C, and presents a
marked increase with temperature reaching 23%. 1H-pyrrolo [2,3-b] pyridine (compound 27)
levels its yield at 400 ◦C at 12.7%. Nornicotine (compound 28) and nornicotyrine
(compound 34) present a maximum yield at 400 ◦C, as a consequence of their first forma-
tion from NNN and the subsequent pyrolysis reactions they undergo. 3-ethenylpyridine,
3-pyridinecarbonitrile, isoquinoline, nicotine, myosmine, nicotyrine and nornicotyrine were
also detected by Zhu et al. [26], who also obtained myosmine and 3-pyridincarbonitrile as
the majority compounds when studying the degradation of NNN.
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Figure 9. % area vs temperature of the majority compounds detected in the pyrolysis of NNN under
inert atmosphere. Nitric oxide (2), 1-propene (3), 3-ethenyl-pyridine (11), 3-pyridinecarbonitrile (13),
isoquinoline (20), nicotine (24), 1H-pyrrolo [2,3-b] pyridine (27), nornicotine (28), myosmine (29),
3,4-dimethyl-pyrrolo(1,2-a) pyrazine (30), nornicotiryne (34).
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Figure 10 shows the evolution of the products obtained under the air atmosphere as a
function of temperature.
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Figure 10. % area vs temperature of the majority compounds detected in the pyrolysis of
NNN under air atmosphere. Carbon dioxide (1), nitric oxide (2), formaldehyde (7), water (8),
3-pyridinecarboxaldehyde (12), 3-pyridinecarbonitrile (13), 1H-pyrrolo [2,3-b] pyridine (27), myos-
mine (29), nicotiryne (31), 4-pyridinecarboxamide (32), nornicotiryne (34) y 5,6-dimethyl-3H-pyrrolo
[2,3-b] pyridine (36).

Myosmine (compound 29, that reached around 37% of the total area at 400 ◦C) and 3-
pyridinecarbonitrile (compound 13, that represents 28% at 425 ◦C),are the main compounds,
as observed under the inert atmosphere. Nevertheless, their behavior is somewhat different,
since myosmine presents a maximum with temperature while 3-pyridinecarbonitrile shows
an increasing trend with temperature throughout the range studied. Carbon dioxide
(compound 1) and water (compound 8) also present an increasing trend with temperature
reaching 5 and 6.6% respectively, at 425 ◦C. Nicotyrine (compound 31) is practically not
observed, contrarily to the case of the pyrolysis of nicotine and NNK [39]. Some of the
detected compounds decrease when increasing temperature, as is the case of 1H-pyrrole
[2,3-b] pyridine (compound 27) that presents its major contribution at 300 ◦C.

According to Zhu et al. [26], the majority compounds detected can be formed via the
Scheme 1.
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Scheme 1. Possible route for the formation of the majority compounds in NNN pyrolysis.
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Under oxidizing conditions, nornicotyrine is much more reactive and is hardly detected.

3.3. Catalytic Pyrolysis of NNN in the Presence of Mesoporous Silicates
3.3.1. Catalytic Pyrolysis under Inert Atmosphere

When NNN was mixed with SBA-15f, SBA-15p and MCM-41, the chromatograms
showed important changes (Figure 11).
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Figure 11. Chromatograms of the pyrolysis of NNN with SBA-15f (left), SBA-15p (center) and
MCM-41 (right) at different temperatures under the He atmosphere.

In general, the same peaks observed in Figure 6 are present in these chromatograms.
Nevertheless, new peaks appear.

Appendix Table A2 shows the % area of the peaks presenting a % area > 0.5 and a
match quality > 80% for the three catalysts at the three temperatures studied.

Figure 12 shows the evolution of NNN with temperature. At low temperatures, a
greater decomposition than in the case of sole-NNN can be observed when the catalysts
were employed. In accordance with Zhu et al. [40,41], both SBA-15s have a pore size
large enough to adsorb the NNN and promote its decomposition. MCM-41 produces an
intermediate degradation of the NNN, generating a larger amount of residue. This is due
to its lower pore size but higher surface area and its accessibility to the porous structure
facilitated by its morphology.
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Figure 12. Evolution of NNN for sole NNN and NNN with three catalysts under the inert atmosphere.

Figure 13 shows the contribution to the total area of the products considered (i.e., those
having a % area > 0.5 and a match quality > 80%).

The sum of the contributions of all considered peaks seems to follow the order
SBA15f > SBA-15p > MCM-41, thus the remaining residue must follow the order inverse,
in good agreement with the residues observed in TG experiments.

The three catalysts increase most of the observed products, such as nornicotine (com-
pound 28), myosmine (compound 29) and nornicotiryne (compound 34). Myosmine from
sole NNN pyrolysis at 500 ◦C was 27% and reached around 43% for the two SBA-15s and
40% for MCM-41. Contrarily, the three catalysts reduced around 50% the formation of
3-pyridinecarbonitrile (compound 13) at 500 ◦C.

Catalysts increase nitrogen oxide (compound 2) at 300 and 400 ◦C and decrease
its formation at 500 ◦C. These results are in concordance with the data obtained by
Wei et al. [26] who studied the decomposition of NNN under inert conditions. They
showed that the degradation of NNN begins with the breaking of the N-NO bond, leading
to the formation of nitrogen oxides and nornicotine that can decompose into less or non-
carcinogenic compounds. In addition, the authors observed that, during the decomposition
of NNN, the products nitrosamine, nicotinonitrile and 4-ethenyl-pyridine were generated,
but, in the presence of SBA-15, these compounds decreased. Moreover, the presence of SBA-
15 greatly increased the yield of myosmine and favored the formation of new compounds,
such as nicotyrine [26,42].

3.3.2. Catalytic Pyrolysis under Oxidizing Atmosphere

Figure 14 shows the results obtained for the analysis under the air atmosphere.
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3.3.2. Catalytic Pyrolysis under Oxidizing Atmosphere 
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Figure 13. % area vs temperature of the majority compounds detected in the pyrolysis of NNN
with three catalysts, under the inert atmosphere. Nitric oxide (2), 1-propene (3), 3-ethenyl-pyridine
(11), 3-pyridinecarbonitrile (13), isoquinoline (20), nicotine (24), 1H-pyrrolo [2,3-b] pyridine (27),
nornicotine (28), myosmine (29), 3,4-dimethyl-pyrrolo(1,2-a) pyrazine (30), nornicotiryne (34).
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Figure 14. Chromatograms of the pyrolysis of NNN with SBA-15f (left), SBA-15p (center) and
MCM-41 (right) at different temperatures, under the air atmosphere.

Appendix Table A3 shows the % area of the different peaks obtained at the three
selected temperatures for the three catalysts under the air atmosphere.

Figure 15 shows the evolution of NNN with temperature for the pyrolysis of sole-NNN,
as well as with three catalysts, under the air atmosphere.
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SBA-15p is the catalysts that produces the largest reduction in NNN at 300 ◦C, where
some reduction is observed for the other two catalysts. Nevertheless, this reduction in the
NNN decomposition is less significant than under the inert conditions.
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Figure 16 shows the evolution of the main compounds detected with temperature for
the three catalysts under air atmosphere.
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Figure 16. % area vs temperature of the majority compounds detected in the pyrolysis of NNN
with three catalysts under air atmosphere. Carbon dioxide (1), nitric oxide (2), formaldehyde (7),
water (8), 3-pyridinecarboxaldehyde (12), 3-pyridinecarbonitrile (13), 1H-pyrrolo [2,3-b] pyridine
(27), myosmine (29), nicotiryne (31), 4-pyridinecarboxamide (32), nornicotiryne (34) y 5,6-dimethyl-
3H-pyrrolo [2,3-b] pyridine (36).

The main effect observed is the large increase in water (compound 8) at all temper-
atures, going from 6% at 425 ◦C for NNN to up to 27.4% when using MCM-41. Almost
no water was detected in the experiments under the inert atmosphere. Carbon dioxide
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(compound 1) is also favored in the presence of the catalysts, showing that the catalysts pro-
mote the total oxidation of the NNN and its products of decomposition. Another important
effect produced by the presence of catalysts is the decrease of myosmine (compound 29)
and 3-pyridinecarbonitrile (compound 13) at high temperatures.

Table 2 shows, in a qualitative manner, the effect of the three catalysts used on the
potential toxicity of the products generated in tobacco smoke. This table refers to some se-
lected compounds collected in the Appendix A. The products have been selected according
to their potential hazards that lead to their inclusion in different lists in the literature [1], and
are present in tobacco smoke. The arrows indicate the sign of the modification produced by
the catalysts.

Table 2. Toxic compounds present in the gas generated in the pyrolysis of NNN under both atmospheres.

SBA-15f SBA-15p MCM-41
He air He air He air

5 Hydrogen cyanide - ↑ - ↑ - ↑
6 Acetaldehyde - ↓ - ↑ - ↑
7 Formaldehyde - ↓ - ↓ - ↓
9 Propanenitrile ↓ - ↓ - ↓ -

10 Pyridine ↓ - ↑ - ↑ -
11 3-ethenyl-pyridine ↓ ↓ ↑ ↑ ↑ ↓
24 Nicotine ↑ - ↑ - ↑ -
35 NNN ↓ ↓ ↓ ↓ ↓ ↓

Despite the effects commented on for the different products, this table shows that
the more effective catalyst for reducing the presence of toxic compounds is SBA-15f, that
reduces all compounds except for hydrogen cyanide (under the air atmosphere) and
nicotine (under the inert atmosphere). Nevertheless, the reduction in NNN is much greater
for the other two catalysts, and the overall reduction in toxicity may be similar for the
three catalysts.

4. Conclusions

This study, developed in the absence and presence of three catalysts, has made it
possible to highlighting a series of conclusions that are shown below:

• According to the TG-FTIR analysis of NNN, two main processes of weight loss can be
observed. The peaks appears 10 ◦C before when running the analysis under oxidizing
atmosphere, where the main gases analyzed by FTIR show the characteristic band of
C=C and the presence of CO2.

• The presence of the three catalysts has produced modifications in the temperature
and intensity of the observed processes, mainly under oxidizing conditions, where the
three materials present a third process of weight loss due to the oxidation of the residue.
The three materials, mainly MCM-41, show increased IR signals corresponding to CO
and CO2 at temperatures in the range of the third process.

• NNN decomposes at lower temperatures under an oxidizing atmosphere than under
an inert atmosphere in the EGA equipment. During the NNN pyrolysis under the inert
atmosphere, the main compounds obtained were 3-pyridinecarbonitrile, myosmine
and nornicotine. Meanwhile, under the oxidizing atmosphere, the main compounds
obtained are 3-pyridinecarbonitrile, myosmine and 5,6-dimethyl-3H-pyrrolo [2,3-b]
pyridine, along with CO2 and water as products of the oxidative degradation of
different organic molecules.

• The three catalysts reduce the contribution of the NNN to the total area for both at-
mospheres in the flash pyrolysis of NNN, especially under inert atmosphere. SBA-15p
and SBA-15f highly reduce the contribution of NNN to the total area, especially under
the inert atmosphere. However, MCM-41 shows a smaller total area than both SBA-15,
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as well as a lower presence of decomposition products and NNN in the chromatograms,
in good agreement with the higher residue observed in the TGA experiments.

• The three materials studied strongly modify the product distribution of the gases
generated during the pyrolysis of NNN, especially under the oxidizing atmosphere,
with 3-pyridinecarbonitrile and myosmine being the two major compounds. For
example, myosmine contribution is reduced in the air atmosphere when using SBA-
15p and MCM-41. This type of behavior must be due to the higher external specific
surface area, pore size and pore volume, resulting in a greater accessibility of the
NNN molecule to the porosity of this material. Although the pore size of MCM-41 is
significantly smaller, as well as the external area, its highest total area and, mainly, its
acidity, may justify its good behavior, better than that of the SBA-15f.

• Nevertheless, SBA-15f is the catalysts yielding the largest reduction in toxic com-
pounds highlighted from the Hoffman list and generated in the pyrolysis of NNN.
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Appendix A

Table A1. Contribution of total area (%) of assigned compounds in the pyrolysis of NNN under inert
and oxidizing atmospheres at different temperatures (◦C).

Assignation Inert Atmosphere Oxidizing Atmosphere

# ################## 300 400 500 300 325 350 375 400 425

1 Carbon dioxide - - - 0.6 0.9 1.7 3.4 4.4 5.2
2 Nitric oxide 0.4 1.9 6.6 0.6 0.6 1.1 1.2 2 1.5
3 1-propene - 0.3 0.9 - - - - - -
4 Methyl nitrite - - - 0.1 - 0.1 0.1 - 0.2
5 Hydrogen cyanide - - - - 0.1 0.3 0.4 0.6 0.6
6 Acetaldehyde - - - - - 0.1 0.1 0.2 0.3
7 Formaldehyde - - - 0.1 0.3 0.5 1.5 1.4 1.7
8 Water - - - 1.5 2.2 4.2 5.8 6.2 6.6
9 Propanenitrile - 0.4 0.7 - - - - - -

10 Pyridine - - 0.1 - - - - - -
11 3-ethenyl-pyridine 0.2 0.4 0.9 0.1 0.2 0.4 0.8 1.2 1.3
12 3-pyridinecarboxaldehyde - - - 0.3 0.5 2.1 3.6 5.7 5.8
13 3-pyridinecarbonitrile 0.3 7.1 23 1.1 2.1 8.3 14.4 22.8 28.2
14 1-(3-pyridinyl)-ethanone - - - - - 0.1 0.2 0.3 0.3
15 3-pyrindol - - - - - 0.3 0.9 1.2 1.4
16 1-(3-pyridinyl)-1-propanone - - - - 0.1 0.2 0.6 0.7 0.6
17 Niacin - - - - 0.1 - 0.3 0.3 0.6
18 4-ethenyl-pyridine 0.1 0.3 0.4 - - - - - -
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Table A1. Cont.

Assignation Inert Atmosphere Oxidizing Atmosphere

# ################## 300 400 500 300 325 350 375 400 425

19 3-methyl-1H-ndole - - - - - - - - -
20 4-methyl-1H-indole - - - - - - - - -
21 Isoquinoline - - - - - - - - -
22 3-(4-pyridyl)acrylaldehyde - - - 0.2 0.2 0.3 0.5 0.7 0.6
23 4-methyl-1,5-Naphthyridine - - - - - 0.2 0.5 0.5 0.5
24 Nicotine - 0.1 0.2 - - - - - -
25 N-(2-pyridinylmethylene)-1-butanamine - 0.3 1.7 - - - - - -
26 Niacinamide - - - - - 0.2 0.7 1.4 1.9
27 1H-pyrrolo [2,3-b]pyridine 3.2 12.7 12.6 10 9.2 8.2 3.6 1.2 0.6
28 Nornicotine 5.9 16.8 12.1 - - - - - -
29 Myosmine 10.3 26.5 27.1 25.8 30.1 30.4 36.2 36.9 28.8
30 3,4-dimethyl-pyrrolo(1,2-a)pyrazine 0.1 1.5 3.4 - - - - - -
31 Nicotiryne - - - - - - 0.1 0.1 0.1
32 4-pyridinecarboxamide - - - - 0.2 0.7 2.3 2.1 1.8
33 N-propylnornicotine - 0.1 0.6 - - - - - -
34 Nornicotiryne - 1.8 0.5 0.5 0.6 0.8 1.5 1.4 1
35 NNN 79.5 27.5 - 47.2 37.7 21.8 4.2 0.4 0.3
36 5,6-dimethyl-3H-pyrrolo [2,3-b]pyridine - - - 10.2 12.3 13.9 6.5 0.2 0.2

Table A2. Contribution of total area (%) of assigned compounds in the catalytic pyrolysis of NNN
with three catalyst under the inert atmosphere at different temperatures (◦C).

Assignation NNN+SBA-15f NNN+SBA-15p NNN+MCM-41

# ################## 300 400 500 300 400 500 300 400 500

1 Carbon dioxide - - - - - - - - -
2 Nitric oxide 2.6 2.3 4.1 4.6 3.7 4.2 1.7 6.2 6.9
3 1-propene 0.4 0.1 0.3 0.3 0.3 0.4 0.2 0.6 0.8
4 Methyl nitrite - - - - - - - - -
5 Hydrogen cyanide - - - - - - - - -
6 Acetaldehyde - - - - - - - - -
7 Formaldehyde - - - - - - - - -
8 Water - - - - - - - - -
9 Propanenitrile - 0.1 0.3 - 0.1 0.1 - 0.2 0.3

10 Pyridine - - 0.1 - - 0.2 - - 0.7
11 3-ethenyl-pyridine 0.8 0.8 0.4 2.4 1.2 1.8 1.1 3.3 3.9
12 3-pyridinecarboxaldehyde - - - - - - - - -
13 3-pyridinecarbonitrile 0.2 3.9 4.5 0.1 2.2 5.7 - 4.6 10.7
14 1-(3-pyridinyl)-ethanone - - - - - - - - -
15 3-pyrindol - - - - - - - - -
16 1-(3-pyridinyl)-1-propanone - - - - - - - - -
17 Niacin - - - - - - - - -
18 4-ethenyl-pyridine 0.8 0.6 0.7 0.2 0.3 0.4 0.1 0.4 0.4
19 3-methyl-1H-ndole - 0.1 0.2 - 0.1 0.4 - 0.2 0.9
20 4-methyl-1H-indole - 0.1 0.2 - - 0.5 - 0.4 0.8
21 Isoquinoline - - 0.1 - - 0.2 - 0.2 1.2
22 3-(4-pyridyl)acrylaldehyde - - - - - - - - -
23 4-methyl-1,5-Naphthyridine - - - - - - - - -
24 Nicotine 1.1 0.2 0.4 0.1 0.4 0.9 0.1 0.5 1.3
25 N-(2-pyridinylmethylene)-1-butanamine - 0.2 0.9 - 0.1 0.2 - 0.1 0.6
26 Niacinamide - - - - - - - - -
27 1H-pyrrolo [2,3-b]pyridine 10.7 15.6 15.7 9.1 13.3 13.9 2.7 8.3 8.6
28 Nornicotine 12.5 17.6 16.4 17.7 22.6 17.0 4.4 10.6 6.7
29 Myosmine 26.2 34.1 43.0 26.0 39.1 42.6 14.3 34.1 40.7
30 3,4-dimethyl-pyrrolo(1,2-a)pyrazine - 0.5 1.0 - - 0.3 - - 0.6
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Table A2. Cont.

Assignation NNN+SBA-15f NNN+SBA-15p NNN+MCM-41

# ################## 300 400 500 300 400 500 300 400 500

31 Nicotiryne 0.3 0.2 0.6 - 0.6 0.5 - 0.8 1.2
32 4-pyridinecarboxamide - - - - - - - - -
33 N-propylnornicotine - 0.1 0.2 - 0.1 0.1 - - 0.1
34 Nornicotiryne 0.5 1.9 3.3 1.1 3.9 5.2 - 2.4 5.6
35 NNN 43.2 19.4 - 37.9 10.7 - 75.3 25.7 -
36 5,6-dimethyl-3H-pyrrolo [2,3-b]pyridine - - - - - - - - -

Table A3. Contribution of total area (%) of assigned compounds in the catalyst pyrolysis of NNN
with three catalyst under the air atmosphere at different temperatures (◦C).

Assignation NNN+SBA-15f NNN+SBA-15p NNN+MCM-41

# ################## 325 375 425 325 375 425 325 375 425

1 Carbon dioxide 2.2 7.7 6.5 3.1 6.1 6.6 2.3 9.3 9.1
2 Nitric oxide 1.1 2.5 1.8 2 2.7 2.2 1.7 1 1.8
3 1-propene - - - - - - - - -
4 Methyl nitrite - - 0.9 - 1.4 0.4 - 0.2 0.6
5 Hydrogen cyanide 0.4 0.8 0.5 0.5 0.5 1.1 0.8 0.6 0.4
6 Acetaldehyde 0.2 0.1 0.2 0.1 0.4 0.2 0.2 0.8 0.5
7 Formaldehyde - - - - - 0.2 - - 0.1
8 Water 8.8 20.1 14.7 22 20.6 20.2 17.1 28.2 27.4
9 Propanenitrile - - - - - - - - -

10 Pyridine - - - - - - - - -
11 3-ethenyl-pyridine 0.3 0.6 0.7 0.8 1.5 1.5 - 0.9 1
12 3-pyridinecarboxaldehyde 1.4 3.8 4 1.7 5.6 6.2 0.3 2.1 4
13 3-pyridinecarbonitrile 3.8 13.9 17.8 4.4 16.5 23 1.7 11.4 23.1
14 1-(3-pyridinyl)-ethanone 0.1 0.6 1.7 0.2 0.9 1.6 - 0.4 0.6
15 3-pyrindol - - - - - - - - -
16 1-(3-pyridinyl)-1-propanone 0.1 0.2 0.3 - 0.2 0.3 - 0.3 0.3
17 Niacin - - - - - - - - -
18 4-ethenyl-pyridine - - - - - - - - -
19 3-methyl-1H-ndole - - - - - - - - -
20 4-methyl-1H-indole - - - - - - - - -
21 Isoquinoline - - - - - - - - -
22 3-(4-pyridyl)acrylaldehyde 0.4 0.4 0.8 - 0.3 0.4 - 0.2 0.4
23 4-methyl-1,5-Naphthyridine 0.1 0.5 0.5 0.1 0.6 0.5 - 0.3 0.8
24 Nicotine - - - - - - - - -
25 N-(2-pyridinylmethylene)-1-butanamine - - - - - - - - -
26 Niacinamide - 0.2 0.7 - - - - - -
27 1H-pyrrolo [2,3-b]pyridine - 2.5 1.5 4.7 1.6 1.6 3.9 - 0.9
28 Nornicotine - - - - - - - - -
29 Myosmine 36.2 27.9 28.5 25.9 23.8 21.6 24.7 28 20.1
30 3,4-dimethyl-pyrrolo(1,2-a)pyrazine - - - - - - - - -
31 Nicotiryne 0.2 1.1 5.4 0.2 0.5 2.3 0.2 - 0.4
32 4-pyridinecarboxamide - - - - - - - - -
33 N-propylnornicotine - - - - - - - - -
34 Nornicotiryne 0.6 0.8 2.2 0.3 1.1 2.6 0.3 0.9 1.2
35 NNN 33.4 4.3 0.2 25.8 3.6 0.1 37.3 1.7 0.3
36 5,6-dimethyl-3H-pyrrolo [2,3-b]pyridine 8.8 5.5 - 5.3 4.2 - 7.7 5.3 -
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