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ARTICLE INFO ABSTRACT

Keywords: 4-(Methylnitrosoamine)-1-(3-Pyrydyl)-1-Butanone is one of the most toxic substances present in tobacco that
NNK comes mainly from the curing process. In this work we have studied the decomposition reactions and the
Nitrosamine compounds obtained as a function of temperature, under inert atmosphere and air atmosphere. TGA and EGA PY-
If/IISCAMlil GC/MS (flash pyrolysis) have been used. The effect of the addition of two SBA-15, with different morphologies
Pyrolysis (fibres and platelets), and a MCM-41 catalyst were studied. In TGA analysis MCM-41 is the material that pro-

duces more changes in the decomposition of this nitrosamine, especially in oxidative atmosphere. The EGA
experiments show that 4-(Methylnitrosoamine)-1-(3-Pyrydyl)-1-Butanone is more unstable in air atmosphere and
the three materials accelerate the decomposition being MCM-41 followed by SBA-15p those producing the larger
modifications in the composition of the gases evolved. All three materials studied favor the elimination of the
highly toxic and carcinogenic compounds generated in decomposition of 4-(Methylnitrosoamine)-1-(3-Pyrydyl)-

Mesoporous catalysts

1-Butanone, thus making them interesting materials for reducing of the toxicity of the tobacco smoke.

1. Introduction

Everyone knows that smoke can provoke cancer, and nicotine, pre-
sent in cigarettes, causes the addiction to smoking. However, it is less
known the amount of substances present in tobacco, or generated in the
smoking process that can also cause cancerogenic effects [1-3]. Ciga-
rette smoke includes more than 8000 different compounds [4], and it is
likely that this number could still increase with further studies. At least
250 of such compounds are known to be harmful, including hydrogen
cyanide, carbon monoxide, and ammonia. Moreover, 69 compounds
have confirmed carcinogenic activity in humans [5,6].

Nicotine, a non-carcinogenic compound, is a member of the alkaloid
family, and its amount in cigarettes is regulated and cannot exceed 1 mg
per cigarette in EU [4,7]. When it is inhaled in cigarette smoke, it is
absorbed into the bloodstream, and when it reaches the brain it stimu-
lates the production of a number of neurotransmitters stimulating the
production of dopamine, which is involved in human body’s ‘reward’
pathways. This leads to the addictiveness of smoking.

Tobacco-specific nitrosamines (TSNAs) are one of the most impor-
tant groups of carcinogens in tobacco products and there are principally

formed by nitrosation of alkaloids present in the tobacco plant [8].
Normally, only a little portion of TSNA is generated during the smoke
process; the major portion of the TSNA was generated during the curing
process and transferred into tobacco smoke as preformed TSNA [9]. This
can be seen by the fact that the smoke generated by cigarettes made with
low tobacco in TSNA produces low yields of TSNA in the mainstream
[10,11].

It has been shown that most of the nitrosamines cause mutations in
DNA, and are carcinogenic to humans, being the nitrosamines 4-
(Methylnitrosoamine)-1-(3-Pyrydyl)-1-Butanone (NNK; nitrosamine
ketone derived from nicotine) and N-nitrosonornicotine (NNN) the ones
with the highest risk [12,13]. It is generally accepted that NNN is formed
via nitrosation of nornicotine, a secondary alkaloid generated directly
from nicotine through the activity of the nicotine demethylase enzyme,
and NNK is formed from nitrosation of nicotine or its oxidized products
[14].

Zeolites and silicates are widely used for their catalytic properties,
their ability to act as adsorbents, and their selectivity [15-20]. The use
of zeolites and other mesoporous and microporous aluminosilicates as
zeolite NaA, NaY, ZSM-5, SBA-15 and MCM-48, in the filter or directly
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Fig. 1. N, adsorption isotherms and BJH pore size distribution calculated for
the materials.

Table 1
Textural properties of mesoporous materials.

Material Pore Size (nm)* Tot Pore Vol (cm3/g)" BET Area (mz/g)"
SBA-15f 6.1 0.97 728

SBA-15p 7.2 1.30 1009

MCM-41 2.2 1.51 1154

@ Pore diameter BJH method applied to the desorption branch.
b Total pore volume at P/Py = 0.99.
¢ N adsorption isotherms; BET theory.

mixed with tobacco, to reduce nitrosamines and polycyclic aromatics in
the mainstream tobacco smoke has been described by several authors
[21-23]. Our research group has been studying the effect of these type of
materials mixed directly with tobacco for more than 10 years and has
been able to demonstrate that addition of these materials in tobacco
allows the reduction of the most of the compounds present in the
mainstream tobacco smoke [24-28].

We have found no works that study the decomposition of nitrosa-
mines when are heated, as well as the products generates during these
processes. This fact becomes more important if we take into account that
the habits of smokers are changing and new systems have emerged, such
as HNB (Heat Not Burn) that permit to heat tobacco at low temperatures,
between 250 and 300 °C [29-31]. On the other hand, in a typical
cigarette coexist three types/zones of reactions, in the hot tip combus-
tion reactions occur, that reach temperatures higher than 900 °C during
the puff, reactions of pyrolysis appear in the area that is between the hot
tip and the non-smoked tobacco where temperatures range around
300-600 °C, and a colder zone of non-smoked tobacco where the most
volatile products are dragged out, as is the case of the TSNA [32].

In previous work we studied the effect of different materials, such as
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those used to reduce the tobacco smoke toxicity, on the thermal
behavior of Nicotine [33] and NNN nitrosamine [34] under different
atmospheres and temperatures. Nevertheless, the effect of such mate-
rials under such conditions, present in the smoking process, on NNK
nitrosamine thermal behavior has not been studied. Thus, in this work,
the decomposition of 4- methylnitrosamine-1,3-Pyrydiyl-1-Butanone
(NNK) at three different temperatures has been analyzed in a TGA
thermobalance and in a EGA equipment connected in line with a GC/MS
to evaluate the nature of the compounds generated when this nitrosa-
mine is heated, under inert and oxidizing atmosphere (He and air)
emulating the processes of combustion and pyrolysis. In addition, the
effect the effect of three mesoporous materials SBA-15f (fiber like
morphology), SBA-15p (platelet like morphology) in direct contact with
the NNK under the same conditions has been studied to evaluate the
modification in the compound generated during the decomposition of
this nitrosamine.

2. Experimental
2.1. Materials

Tobacco specific nitrosamine 4-(Methylnitrosoamine)-1-(3-pyr-
idinyl)-1-butanone (NNK) 98+% was supplied from Alfa Aesar. SBA-15
with fibre like morphology (SBA-15f) was synthesized in our laboratory
according the method reported in literature [35] where P123 (BASF)
was dissolved in an acidic water using HCl 2 M (Merck 37%), and stirred
at 38 °C during 1 h. Then TEOS (Wacker, >99% purity) was added to the
mixture and kept at 40 °C under magnetic stirring 24 h, the resulting
mixture was hydrothermally treated at 100 °C during 24 h. The final
material was calcined at 550 °C during 6h. A SBA-15 with platelet
morphology (SBA-15p), was synthesized according to the procedure
described by Yeh et al. [36] using Cetyltrimethylammonium bromide
and Sodium dodecyl sulphate (Acros Organics, >99% purity), sulphuric
acid (Merck, >99% purity) sodium silicate (Schalau, neutral solution
pure) and sodium hydroxide (Sigma Aldrich, >98% purity). The resulted
material was calcined at 600 °C for 6 h in air for the removal of the
organic templates. MCM-41 was synthetised as described Gaydhankar
et al. [37] using Cetyltrimethylammonium bromide (Acros Organics,
>99% purity), ammonia (merck, 25% solution) and Tetraethyl ortho-
silicate (Wacker, >99% purity), and the final material was obtained
after calcined at 550 °C during 12 h. All the final materials were dried
and stored in a desiccator to avoid water adsorption.

2.2. Characterization

The material was characterized by the Ny adsorption isotherms at 77
K, measured in an automatic AUTOSORB-6 supplied by Quantachrome.
The adsorption curves of the isotherms were recorded. The surface area
was obtained by the Brunauer-Emmett-Teller (BET) method at relative
pressure between 0.05 and 0.20 for SBA-15 materials, and 0.05-0.35 for
MCM-41, and the pore size distribution was calculated from the
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Fig. 2. XRD difractograms of the materials; a) SBA-15f and SBA-15p, b) MCM-41.
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Fig. 3. SEM image of the catalyst.
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Fig. 4. TGA and DTG Curves of NNK and NNK + catalyst under
inert atmosphere.

desorption branch of isotherm using the Barrett-Joyner-Halenda (BJH).
The Pore Volume was calculated by the single point adsorption with the
pores, less than 51. 4 nm diameter at P/Py = 0.99. Fig. 1 shows the Ny
isotherms and the pore size distribution of the materials, and Table 1
shows the textural properties of them. As can be seen, the MCM-41
isotherm shows an additional hysteresis loop of low significance at the
highest P/Pg value (0.90-0.99). This could indicate the presence of an
unexpected secondary porosity in this material (may be due to particle
coalescence). Fig. 2 show the XRD diffractograms of these materials. The
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Fig. 5. TGA and DTG Curves of NNK and NNK + catalyst under oxida-
tive atmosphere.

equipment used for XRD is a Bruker D8-Advance with Goebel mirror
with a KRISTALLOFLEX K 760-80F X-ray generator fitted with a copper
anode X-ray tube. The two samples SBA-15 show the diffractogram
peaks (100), (110) and (200) characteristic of the Pémm symmetry of
these materials [38]. The diffraction pattern obtained for the MCM-41
material does not show the expected diffraction peaks, which could be
related to the additional hysteresis cycle observed in N, adsorption and
may be due to the coalescence of the particles. The morphology of the
material was obtained by Scanning electron microscope (SEM) in a
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Fig. 6. Comparison between DTG curves obtained under inert and oxidative atmosphere.

NNK1

o010

0.008/[Absorbance Unds]

> ‘ 2000
X[Wavenumber cm-1]

1000

NNK+SBA-1519

0004

0002/jAbsorbance Unds)

0 000

Z[Seconds] "m4 N ’ 3000

2000
7000 X|Wavenumber cm-1]

¥[Absorbance Unis]

-0.005

1000 0010

Fig. 7. 3D FTIR spectres obtained in the decomposition of NNK in inert atmosphere.

JSM-840 equipment and the micrographs of the three catalysts are
shown in Fig. 3.

2.3. TGA and PY-GC/MS analysis

Thermogravimetric experiments (TGA) were conducted in a Mettler
Toledo TGA/DSC 1 STARe Systems. The temperature program was 20
min at 40 °C, heating at 35 °C/min up to 800 °C and holding tempera-
ture during 5 min. 80 mL/min of Ny (99.9992%) or air synthetic (21%

0O and 79% N3) where used as entrained gas in the corresponding ex-
periments. For TGA experiments an initially 7-8% w/w solution of NNK
in methanol was prepared. In the sample cup, 2 mg of the catalyst
previously dried was introduced and then was added the necessary
amount of the previous solution to guarantee the presence of 2 mg of
NNK. The thermobalance is connected to a Bruker Tensor 27 FTIR
spectrometer through a heated line (200 °C) which records the com-
pounds generated in the TGA.

The flash decomposition were carried out using a multi-shot
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Table 2
Assigned compounds under inert atmosphere at the different temperatures
studied.

Compound  t; Assignment Match
(min) (%)
1 1.15 CO, 90
2 1.12 Nitric oxide 920
3 1.17 Aziridine 920
4 1.18 Dimethyl ether 90
5 1.2 Methyl nitrite 85
6 1.23 Hydrocyanic acid 95
7 1.26 Ethanamine, N-methylene- 80
8 1.39 Acrolein 97
9 1.39 Water 80
10 2.02 Propyl isocyanate 83
11 2.85 Acetonitrile, (dimethylamino)- 90
12 2.85 1,3-diazobicicle[3.1.0]hexane 91
13 3.01 Pyridine 91
14 8.36 N-methylmaleimide 91
15 8.67 Pyridine, 3-ethyl- 91
16 8.83 Pyridine, 3-ethenyl- 94
17 9.57 4-pyridinecarboxyaldehyde 93
18 9.72 2-cyanopyridine 90
19 10.23 1-methyl-2-pyrrolidinone 93
20 11.37 3-acetylpyridine 80
21 11.84 Methyl nicotinate 90
22 11.86 3-hydroxypyridine 91
23 12.02 3-aminopyridine 80
24 12.58 1-(3-pyridinyl)-2-propen-1-one -
25 12.76 1-(3-pyridinyl)-1-propanone 80
26 12.88 2-nitro-3-hydroxypyridine 86
27 13.7 Niacin 95
28 13.7 3-(4-pyridyl)acrylaldehyde 84
29 13.96 3-quinolinol 85
30 14.49 Nicotine 81
31 14.53 1-isocyanate-4-methyl-Benzene 83
32 15.29 Niacinamide 94
33 15.3 N-methylmyosmine -
34 15.36 Myosmine 95
35 15.58 N-methyl-3-pyridinecarboxamide 94
36 15.74 3-propionylpyridine 87
37 15.8 2,6-dimethyl-3,4-dihydro-1,8-naphthyridine -
38 16 Nicotyrine 95
39 16.45 3-(2,5-dimethyl-1H-pyrrol-1-yl)pyridine -
40 16.85 Cyclopropyl-3-pyridinyl-methanone 80
41 17 3-(2,4-dimethyl-1H-pyrrol-1-yl)pyridine -
42 17.31 Allyl nicotinate 80
43 17.43 4-hydroxy-7-methyl-1,8-naphthyridine 80
44 17.45 (E)-4-(methylamine)-1-(pyridin-3-yl)but-2-en- -
1-one
45 17.83 2,3-dihydro-5,8-dimethyl-1,4- 86
naphthoquinone
46 18.55 4,4’-(1,2-ethanedyDbis-pyridine 80
47 18.74 Phenyl nicotinate 80
48 19.34 (1-methyl-1H-imidazole-2-yl)2-pridinyl- 80
methanone
49 20.28 NNK 87
50 24.74 4-methyl-1-(pyridin-2-yl)-1H-pyrrol-2-amine -

pyrolyzer model EGA/PY-3030D supplied by FRONTIER LABORA-
TORIES directly attached on a GC/MS from Agilent 6890 N gas chro-
matograph coupled in a Agilent 5973 inert mass selective detector.
Helium gas was employed for experiments under inert atmosphere, and
air synthetic for oxidative experiments. The samples, after purged with
He in a cold chamber were dropped into the hot zone of the oven at the
selected temperature. The heating rate in this mode of operation in the
EGA/MS equipment is estimated in the range of hundreds of °C/S. UA5-
30M-0.25F was used as a chromatographic column with a 2 ml/min flow
oven programme used started at 45 °C during 5 min and temperature
rise until 285 °C with a 12 °C/min rate ending with a 5 min isothermal at
285 °C, chromatograph inlet was at 300 °C and 50:1 split ratio. The mass
spectrometer detector was equipped with an electron impact (EI) ion
source at energy 70 eV, scan between 15 and 320 amu. In order to
identify the products obtained on the chromatogram, NIST (National
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institute of standard and technology) library and Wiley library were
used.

Initially, a 0.5% w/w solution of NNK in methanol was prepared. For
the experiments in the EGA/PY, about 0.2 mg of the dried catalyst was
introduced into the sample holder and 3.7 mg of the NNK solution was
added to this bed. Prior to flash pyrolysis, a first in situ treatment was
carried out in the equipment where the sample is heated at 80 °C for 4
min in an inert atmosphere, to remove the solvent (methanol).

Thermal study of the decomposition of NNK and NNK with catalysts
was carried out in 2 atm at different temperatures. Flash pyrolysis ex-
periments were done in He (99.9992% purity) between 300 and 500 °C
at intervals of 100 °C. Flash oxidative experiments were performed in
synthetic air (21% O3 and 79% N3) between 300 and 450 °C at intervals
of 50 °C, due to the lower stability of NNK under oxidizing conditions,
resulting in larger decomposition at lower temperatures. For the study of
the effect of the three catalysts (SBA-15f, SBA-15p and MCM-41), three
intermediate temperatures where selected, 300, 400, and 500 °C under
inert atmospheres and 325, 375 and 425 °C under oxidative atmo-
spheres. All experimenters were run by triplicate showing good repro-
ducibility. Data reported correspond to the average of the three
corresponding replicates.

3. Results and discusion
3.1. Thermogravimetric results

Fig. 4 shows the curves of loss weight (TGA) and its derivatives
(DTG) obtained for NNK and its mixtures with the three catalysts in
nitrogen atmosphere. The normalized weight fraction has been repre-
sented, calculated as the weight at each temperature minus the final
weight divided by the initial weight minus the final weight. Data at
temperature below 100 °C correspond to the volatilization of the solvent
and the water present in the catalysts, and have been removed from the
graphs.

As can be seen in the TGA and DTG curves, the decomposition of
NNK exhibits three weight loss processes. The first observed at tem-
peratures of the order of 202 °C, the main one, around 288 °C and a long
tail at higher temperatures. When the NNK is mixed with the SBA-15f,
the first process overlaps with the main process and practically disap-
pears, the intensity of the main peak is reduced and the intensity of the
last decomposition process of the residue increases. With the SBA-15p
material, an initial process separated from the main one is again
observed at a temperature of 175 °C, the intensity of the main peak is
reduced and that of the last process increases. Finally, the presence of
MCM-41 is the one that causes the greatest modifications. Two separate
initial processes are observed, the intensity of the main process is greatly
reduced and that of the last process is markedly increased. These facts
may be related to the porous texture of these materials. MCM-41 has the
largest BET area that seems to make its porosity more accessible to NNK
and, although it has a smaller pore than SBA-15, it could be justified that
it causes greater changes in the decomposition processes since it allows a
greater interaction. This hypothesis could be confirmed by the fact that
SBA-15p, which also has greater accessibility than SBA-15f, has an in-
termediate behavior between MCM-41 and SBA-15f.

Fig. 5 shows the results of TGA and DTG obtained in an air atmo-
sphere. As can be seen, at temperatures below 350 °C, the behavior is
very similar to that observed under inert atmosphere. Nevertheless,
large changes are observed at higher temperatures. To better observe the
different behavior between both atmospheres, Fig. 6 shows the DTG
curves obtained for all the samples under the 2 atm tested.

In the decomposition of NNK, it can be observed that the presence of
oxygen decreases the intensity of the first decomposition process, which
occurs at somewhat lower temperatures, keeping the main process
almost unchanged and increasing the residue of this first step, which
decomposes at higher temperatures (500-680 °C). In the decomposition
of NNK with SBA-15f, the first process decreases under inert atmosphere
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Table 3
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Contribution of the assigned compounds generated in the thermal decomposition of NNK to the total area (%) in both atmospheres at different temperatures (°C).

Compound Inert atmosphere Oxidative atmosphere

300 350 400 450 500 300 325 350 375 400 425 450
1 - - - - - 1.1 1.3 1.3 6.7 9.9 10.7 9.8
2 0.2 0.5 1.6 4.6 5.3 - 0.1 0.2 0.5 0.7 0.8 0.9
3 0.4 0.9 2.1 6.5 7.5 - - - - - - -
4 — — — — — — — — — — — —
5 — — — — — — — — — — — —
6 - - - - - - 0.1 0.1 0.4 0.8 0.8 0.8
7 - - - 0.5 0.7 - - - - - - -
8 - - - - - - 0.1 0.3 0.8 0.8 0.6 1.2
9 - - - - - 3.1 3.5 3.4 8.7 10.7 8.8 10.1
10 - - 0.5 1.4 1.5 - - - - - - -
11 0.6 0.1 0.2 0.1 0.1 - - - - - - -
12 - - - - - - - - - - - -
13 - - 0.1 0.7 1 - - - - 0.3 0.3 0.4
14 - - - - - - - - 0.3 0.7 0.8 0.8
15 - - - 0.5 0.6 - - - - - - -
16 - - 1.2 4.9 4.8 - - - - - - -
17 - - - - - - - 0.2 1.1 2.7 3.6 4.3
18 - - - - - - - 0.1 0.9 2.6 3.4 4.7
19 - - 0.6 2.2 2.4 0.1 0.3 0.4 1.3 1.3 1.4 1.4
20 - - - 0.5 0.7 0.1 0.2 0.2 0.4 1.1 1.6 2
21 - - - - - - - - - - - -
22 - - - - - - - 0.8 1.2 7 9.2 7.5
23 - - - 0.5 1.3 - - - - - - -
24 - - 3.2 16.9 17.7 - 0.1 0.2 0.9 1.5 1.9 1.5
25 - - 0.1 0.6 0.9 0.2 0.4 0.4 1.2 1.6 2.1 1.5
26 - - - - - - - 0.4 0.4 0.6 1.2 0.9
27 - - - - - - 0.2 0.6 2.8 5.3 5.2 5.2
28 - 0.2 1.7 5.8 6.5 - - - 0.2 0.2 0.6 5.2
29 - - - - - - - - 0.2 0.3 0.5 0.4
30 0.2 - - 0.1 0.1 - - - - - - -
31 - - 0.2 0.5 0.7 - - - - - - -
32 - - - - - 0.2 0.5 2.6 2.4 6 3.7 1.8
33 0.6 0.5 1.2 0.1 0.3 - - - - - - -
34 - 0.4 2.1 4.8 5.4 1.1 2 2.9 4.9 5.6 5.7 4.1
35 - - - - - - - 0.4 1.3 2.9 3.6 4.5
36 - - - - - 0.6 1.1 2.4 4.9 7.2 5.6 3.8
37 - - - - - - - - - - - -
38 0.2 0.4 2 3.1 4.3 0.4 1 1.8 2.8 4.3 3.7 4.2
39 - 0.1 0.2 0.3 0.3 - - - - - - -
40 - - - - - - - - 0.3 0.3 0.3 0.4
41 - - - - - - - - - - - -
42 - - - - - - 0.1 0.5 1.6 2.5 3.4 2.1
43 - - - - - - - 0.2 0.6 1.1 1.1 1.3
44 29 7.3 17.6 17.1 - - - - - - -
45 - - - - - - - - - - - -
46 - - 0.9 1.7 1.6 - - - - - - -
47 - - - - - - - 0.2 0.7 1.3 5 1.2
48 - - - - - - 0.2 0.3 0.5 0.5 .6 0.5
49 96.7 90.5 64.2 10.6 - 93.05 85.9 75.3 39.4 3.2 - -
50 - - 1.3 1.6 2.6 - - - - - - -

and disappears in the presence of oxygen. The main peak occurs in a
narrower temperature range in the oxidizing atmosphere, and the pro-
portion of residue increases and decomposes at higher temperatures. In
the presence of SBA-15p, the peak corresponding to the first process is
reduced in major proportion in the presence of oxygen, the main peak
has a behavior analogous to that of SBA-15 f, and the residue that de-
composes at high temperatures increases more markedly. Finally, the
mixture of NNK with MCM-41 is the one that causes the greatest dif-
ferences. As already mentioned, under inert atmosphere two processes
appear at low temperatures. In an oxidizing atmosphere, these processes
are greatly reduced, as well as the peak of the main decomposition stage,
increasing the residue that decomposes at high temperatures (wide peak
around 600 °C). In the presence of oxygen, as it happened under inert
atmosphere, the MCM-41 material is the catalyst that causes the greatest
modifications in the decomposition of NNK, followed by SBA-15p and
SBA-15f. This effect can be due to the larger BET area and surface
accessibility of MCM-41, despite the lower pore size as compared to of
SBA-15, and seem to be large enough to enable its interaction with the

NNK molecule. Another factor that may explain the lower effect of SBA-
15 materials, that have larger pore size, is that within the channels part
of the porosity is found as micropores. In addition, MCM-41 is a material
with a high number of silanol groups on the external surface and on the
inner surface of the pores that can generate acidity through hydrogen
bonds that would be more accessible to NNK thus increasing its catalytic
activity [18,39,40]. These silanol groups have the ability to interact with
the N-NO group of NNK, retaining it inside the pores at low tempera-
tures for its subsequent decomposition/elimination at higher
temperatures.

Fig. 7 shows the 3D spectra obtained by FTIR in the NNK decom-
position in the presence and absence of the materials used as a function
of temperature. As can be seen, the spectra show poor resolution.
Though the shape of the four spectra is very similar, these spectra show
that the amount of compounds generated is reduced in the presence of
the three materials, this reduction being greater in the presence of MCM-
41. This would be in agreement with what was observed in TGA (Fig. 6)
which showed that the MCM-41 was the material that most reduced the
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Fig. 8. Thermal chromatograms obtained at various temperatures in the decomposition of NNK at both atmospheres.
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Fig. 9. Evolution of NNK with temperature in an inert and Fig. 10. Contribution to the total area (%) of the main compounds generated in

oxidizing atmosphere.

intensity of the main decomposition peaks (200-300 °C).

3.2. Flash decomposition of NNK

Five temperatures, between 300 and 500 °C, have been studied
under inert atmosphere (pyrolysis) in the experiments run in the EGA
Py/GC/MS equipment. These temperatures have selected to cover the
decomposition temperature range of the NNK (i.e.: at 300 °C the 97% of
the area of the chromatogram corresponds to NNK whereas at 500 °C no
NNK was detected). Under oxidative atmosphere, the temperature range
has been modified, since to 300 to 450 °C in increments of 50 °C. Under
this atmosphere, the peak corresponding to NNK disappears at 425 °C
and its contribution at 400 °C being only 3.2% of the total area (Table 3).
In addition, the amount of compounds generated under this atmosphere
is greater; the presence of oxygen promotes the degradation reactions
yields a larger amount of compounds and a much more complex
chromatogram.

Table 2 show the name of the compounds that present a contribution
to the total area greater than 0.5% and in addition the coincidence with
the spectrum in the library is greater than 80. Compounds that appear in
the table without assigned probability are shown due to their relevance

the decomposition of NNK under inert atmosphere. Nitric oxide (2), aziridine
(3), 3-ethenyl-pyridine (16), 1-methyl-2-pyrrolidinone (19), 1-(3-pyridinyD-2-
propen-1-one (24), 3-(4-pyridyDacrylaldehyde (28), N-methylmyosmine (33),
myosmin (34), nicotyrine (38), 3-(2,5-dimethyl-1H-pyrrol-1-y)pyridine (39), (E)-
4-(methylamine)-1-(pyridin-3-yl)but-2-en-1-one (44).

? H
| N F N
. >
T: 400°C N?
-HNO
o) | (E)-4-(methylamine)-1-(pyridin-3-yl)but-2-en-1-one
| N Ny (44)
0 "
g 2
NNK [o]
N F

T:500°C |

-C2H7 N

-N20
1-(3-pyridinyl)-2-propen-1-one

(24)

Fig. 11. Possible pathway for major NNK degradation compounds in
inert atmosphere.
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Fig. 12. Contribution to the total area (%) of the main compounds generated in
the decomposition of NNK under air atmosphere. Carbon Dioxide (1), Water (9),
2-Cyanopyridine (18), 1-Methyl-2-Pyrrolidinone (19), 3-Acetylpyridine (20), 3-
Hydroxypyridine (22), 1-(3-Pyridinyl)-2-propen-1-one (24), niacin (27), niacin-
amide (32), myosmine (34), 3-propionylpyridine (36), nicotyrine (38).
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Fig. 13. Possible pathway for major NNK degradation compounds in
air atmosphere.

in contributing to the total area, and were assigned manually from the
mass spectrum obtained, considering the possible decomposition com-
pounds of the NNK.

In the experiments under inert and oxidizing atmospheres, the
different peaks obtained in the chromatogram have been integrated (A)
and subsequently the areas obtained have been normalized with the
total area (A¢) of the chromatogram to follow the contribution of each
compound to the decomposition of NNK at the different temperatures
studied. Table 3 shows the contributions to the total area of the assigned
compounds in the pyrolysis of NNK under inert and oxidizing
atmosphere.

Fig. 8 shows, as example, the chromatograms obtained for the
decomposition of the NNK under inert atmosphere (He) and oxidative
atmosphere (Air) at three temperatures. As can be seen at low temper-
atures the peak of NNK (20.28 min) is the principal, and when the
temperature increase, this peak decreases and more new peaks appear.
This tendency is similar in both atmospheres.

Fig. 9 shows the contribution of the NNK to the total area of the
corresponding chromatogram as a function of temperature, for both
atmospheres. As can be seen, at low temperatures (300 °C) the NNK
practically not decomposes, since its contribution to the total area
greater than 90% in both atmospheres, and higher under inert atmo-
sphere (Table 3). Also, the degradation of NNK occurs much faster under
oxidizing atmosphere, and at 400 °C practically no NNK appears in the
chromatogram (3.2% in air versus 64.2% in He). Under inert atmo-
sphere at 450 °C its contribution is still 10.6% and it is necessary to
reach 500 °C for eliminate it completely.
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Fig. 10 shows the area percentage of the most important decompo-
sition compounds obtained in the NNK pyrolysis experiments under
inert atmosphere. It can be seen that all the compounds increase their
contribution when increasing the temperature, so it follows that they are
formed as a consequence of the pyrolytic decomposition suffered by
NNK. At 300 °C, more than 96% of the total area of the chromatogram is
due to NNK, but a small part begins to decompose, giving rise to the
appearance of some high molecular weight compounds, such as (E)-4
-(methylamine)-1-(pyridin-3-yl)but-2-en-1-one (44). At 400 °C, an in-
crease in the amount of compounds generated is observed, being the
major again the compound 44, with 7.3% of the total area. However, at
500 °C, when all the NNK has decomposed, this compound represents
17.1% of the total area and the formation of 1-(3-pyridinyl)-2-propen-1-
one (24) is favored, which it represents 17.7% of the total area. This
results show that compound 44 decomposes at high temperatures.

According to the works Lin et al. and Miura et al. [21,41], the N-NO
group of the NNK is the most reactive of this molecule and is where the
pyrolytic rupture begins. Lin et al. [21] studied the decomposition
thermal and catalytic of NNN nitrosamine. These authors found two
major products due to spontaneous pyrolysis of this nitrosamine. The
first was formed by the loss of the nitrous group since the N-NO bond
has the weakest binding energy in the nitrosamine molecule. And it
stabilizes with the reduction of the molecule with the loss of hydrogen to
form a double bond. In this work we have observed the same tendency,
and at 400 °C the NNK is transformed into a secondary amine, losing the
nitrous group and forming a double bond in the hydrocarbon chain
leading the formation of (E)-4-(methylamine)-1-(pyridin-3-yl)but-2-e-
n-1-one (compound 44) (Fig. 11). In addition, Lin et al. [21] also
observed that this major product was unstable at higher temperatures,
where the rupture of the chain attached to the pyridine ring led to the
formation of a new compound. This behaviour is also observed in the
pyrolysis of NNK, where at higher temperatures the amount of com-
pound (44) decreases and a «, p-unsaturated compound such as
1-(3-pyridinyl)-2-propen-1-one (24), is generated as the main
compound.

Fig. 12 shows the main NNK decomposition compounds in an
oxidizing atmosphere. As can be seen, at low temperatures, 300 and
325 °C, the decomposition of NNK mainly produces carbon dioxide (1)
and water (9), and other compounds begin to be generated in small
amounts, being myosmin one of the most abundant (34). At 375 °C,
more than half of the NNK has been degraded (Table 3), and CO2 (1) and
H50 (9) are the main products, but 3-propionylpyridine (36) is gener-
ated in the same proportion as myosmin (34), and other compounds also
appear in notable proportions such as nicotyrine (38), niacin (27),
niacinamide (32) and 1-(3-pyridinyl)-2-propen-1-one (24). At 425 °C,
NNK has been completely degraded and, together with CO5 (1) and HyO
(9), 3-hydroxypyridine (22) appears as the main compound, represent-
ing 9.2% of the total area. This compound is not formed during pyrolysis
in an inert atmosphere, so its generation is conditioned by the presence
of oxygen. Fig. 13 shows the possible route for obtaining the major NNK
degradation compounds (i.e.: compounds 22 and 34) in an oxidizing
atmosphere. In this atmosphere, due the high reactivity of oxygen, and
with high temperatures, the pyridine ring can loss the group N-NO and
the rest of the chain forming 3-hydroxypyridine (compound 22) as the
principal compound. At lower temperatures, the internal cyclization of
the chain is favored, giving raise to different compounds derivatives of
nicotine, such as myosmin (compound 34).

When comparing the results obtained in both atmospheres, some
common compounds can be observed, such as 1-methyl-2-pyrrolidinone
(19), 1-(3-pyridinyl)-2-propen-1-one (24), myosmine (34), and nic-
otyrine (38), but with clear differences in distribution. Thus, myosmine
(34) is favored in an oxidizing atmosphere, and for example 1-(3-pyr-
idinyl)-2-propen-1-one (24), is highly favored in an inert atmosphere
with 17.7% of the total area.
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Table 4
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Contribution of the assigned compounds generated in the catalytic decomposition of NNK to the total area (%) in both atmospheres at different temperatures (°C).

Inert Atmosphere

Oxidative Atmosphere

NNK + SBA-15f NNK + SBA-15p NNK + MCM-41

NNK + SBA-15f NNK + SBA-15p NNK + MCM-41

300 400 500 300 400 500 300 400
1 - — — - — — — -
2 0.2 1.7 3.3 0.3 1.7 3.5 3.9 7.1
3 0.2 1 3.3 0.2 0.6 2.4 - 1.2
4 _ _ _ _ _ _ _ _
5 _ _ _ _ _ _ _ _
6 _ _ _ _ _ _ _ _

7 - 0.4 0.7 - 0.5 0.4 - -
8 _ _ _ _ _ _ _ _
9 - - - - - - - -
0 - 0.2 0.5 - 0.1 0.4 - 0.3
11 02 0.1 0.2 0.8 0.3 0.2 0.8 1.4
2 - - - - - - - -
3 - - 0.6 - - 0.4 - -
4 - - - - - - - -
15 - - 0.2 - - 0.2 - -
6 - - 1.7 - - 11 - -
7 - - - - - - - -
8 - - - - - - - -
19 - 0.3 - 0.3 0.8 - -
20 - 0.5 1.3 - 0.5 1.4 - -
21 - - - - - - - -
22 - - - - - - - -
23 - - - - - - - -
24 - - 7.5 - - 4.3 - -
25 - 0.9 0.5 - 0.6 0.5 - -
26 - - - - - - - -
27 - - - - - - - -
28 - 0.6 3.1 - 0.4 2.2 - -
29 - - - - - - - -
30 - 0.2 0.2 0.4 1.4 11 - 0.4
31 - - 0.3 - - 0.2 - -
32 - - - - - - - -
33 3 1.3 0.3 1.4 1.2 - 2.4 13.9
34 37 9.1 9.2 2.7 9.3 9.8 - 3.3
35 - - - - - - -
36 - - - - - - - -
37 11 1.9 15 1.4 2.8 2.6 - 0.8
38 111 207 248 83 178 233 12 10.5
39 61 126 133 7.3 188 24 0.4 4.2
490 - - - - - - - -
41 1.9 4.4 4.8 1.2 6.8 8.3 - -
42 - - - - - - - -
43 - - - - - - - -
44 07 4.2 103 04 2.2 6.2 - 2.4
45 - - - - - - - -
46 - 0.1 11 - 0.3 0.3 - -
47 - - - - - - - -
8 - - - - - - - -
49 705 344 - 73.4 278 - 91.3  47.1
50 - - 0.7 - - - - 2

0.4

2.7
5.3

1.1
22.9
11.9

325 375 425 325 375 425 325 375 425
1.1 5.1 7.8 18 9.1 125 36 129 192
0.3 0.9 1.2 0.4 1.8 2 0.4 0.5 0.4
- - - - - - 13 15 3.1
- - - - - - - 2.4
- 0.1 0.2 - 0.2 0.1 - -
0.4 1.2 1.6 - 2.3 1.7 0.7 1.1 1.1
5.7 9.3 1.5 106 223 17 103 236 314
- - - - - - 0.9 0.7 0.2
- - 0.8 - - 05 0.2 0.9 1.3
- - 1.2 - - 0.3 - - 0.3
- 0.3 1.9 - - 1.3 - 0.4 1.2
- 2.4 7.2 - 15 6.9 - 1.4 3.7
- 0.9 1.1 - 0.4 1.4 - 0.7 1.1
- 0.9 17 - 0.8 17 - 0.5 1.4
- 13 1.1 - 0.6 0.5 - 0.5 0.4
- 0.7 1.4 - - 1.3 - - 1.1
- 0.6 17 - 16 18 - 0.4 4

- 2.3 2.1 - - - 1.1

- - 0.4 - - 0.5 - - 0.4
- - - - - 0.4 - - 0.6
15 5.7 6.7 15 5.7 5.3 0.5 2 15
- 0.4 1.9 - 0.3 0.8 - 0.4 1.1
- 2.7 4.2 - 0.8 45 - 2.9 2.9
2 141 249 1.9 162 164 1.7 3.3 3.6
- 0.6 12 - 13 1 - - 0.2
_ _ 0.2 - - 0.2 - - 0.1
- - 0.7 - - 1.3 - - -

- 0.3 0.4 - - 0.5 - - -

- 0.3 0.6 - 0.5 0.6 - - -
0.1 0.3 0.6 - - 0.4 1 0.4 0.8
0.3 1.9 2.1 13 6.3 4.9 2.4 7.9 5.8
85.7 40 - 79 18.4 - 75.6  23.8 -

3.3. Catalytic decomposition of NNK

During the catalytic experiments under inert atmosphere (pyrolysis),
three temperatures have been studied for the decomposition of NNK in
presence of the three materials, 300, 400 and 500 °C and 325, 375 and
425 °C under oxidative atmosphere. Table 4 shows the compounds ob-
tained in the catalytic decomposition of the NNK that present a contri-
bution to the total area greater than 0.5% and, in addition, present an
assignment with a probability greater than 80%, in both atmospheres, at
the studied temperatures. As can be seen in Fig. 14 and Table 4, at low
temperatures, in presence of the catalyst more degradation of NNK can
be observed. At 300 °C in the thermal decomposition, the area that
represents the NNK peak is greater than 96%, in the presence of MCM-41
it drops a little to 91.3% and with SBA-15p it drops to 73.4% and SBA-
15p shows the highest decomposition values, 70.5% (Table 4). At
400 °C, the material that shows a major decomposition of the NNK is
SBA-15p, followed by SBA-15f, and again, MCM-41 is the material that

least affects the NNK. At 500 °C, as in thermal decomposition, the NNK is
completely decomposed. These results agree with what was observed by
Zhu et al. [42]. These authors concluded that the presence of SBA-15
type silicates reduces the presence of NNK in tobacco smoke and fa-
vors the thermal degradation of this molecule previously adsorbed on
SBA-15 [43-45].

Fig. 15 shows the contributions to the total area of the main NNK
decomposition compounds in the presence of the studied catalysts,
under inert atmosphere as a function of temperature. Between 300 °C
and 400 °C, with the three catalysts, an increase in the generation of
decomposition compounds can be observed as a function of tempera-
ture, which corresponds to the reduction in the amount of NNK
decomposed. Lin et al. [21] highlighted the ability of SBA-15, MCM-41
and various zeolites as NaY to remove both total particulate matter and
TSNAs in tobacco smoke, and the decomposition of NNN directly
deposited on the catalysts. Lin et al. observed that the materials MCM-41
and SBA-15 were the ones that most reduced TPM (19% MCM-41 and
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Fig. 14. Decomposition of NNK in presence and absence of catalyst under
inert atmosphere.

30% SBA-15) and TSNA (22% MCM-41 and S35% BA-15), but not
important modification in the products obtained with SBA-15 and
MCM-41 was observed. In this work, GC/MS experiments show that the
main compounds identified in the catalytic pyrolysis are the same as
those obtained in NNK thermal pyrolysis, but their distribution is
different. The presence of the two SBA-15 favors the formation of
compounds with higher molecular weight, especially myosmin (34),
nicotyrine (38) and 3-(2,5-dimethyl-1H-pyrrol-1-yl) pyridine (39).
Compound 39 is practically not generated in the experiments in the
absence of mesoporous silicates and furthermore the SBA-15 materials
reduce more than halve the formation of (E)-4-(methylamine)-1-(pyr-
idin-3-yl) but-2-en-1-one (44), one of the heaviest compounds generated
in thermal decomposition. It can be due to the high pore size of these
materials, which allow NNK to be retained long enough to favor the
cyclization of the pyridine ring chain favoring the formation of myosmin
(34), nicotyrine (38) and 3-(2,5-dimethyl-1H-pyrrol-1-yl) pyridine (39).
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If we compare both materials, SBA-15f catalyst favors the formation of
nicotyrine (38), while SBA-15p, that shows higher BET area and pore
size favors somewhat the formation of compound 39 and also shows a
large amount of compound 38. On the other hand, both SBA-15 mate-
rials reduce the formation of lower molecular weight compounds such as
NO (2), aziridine (3), 3-ethenyl-pyridine (16) and 1-(3-pyr-
idinyl)-2-propen -1-one (24) among others, being especially notable the
case of compound (24), which at 500 °C is mainly generated in the
thermal decomposition, while for catalytic pyrolysis it has a minor
contribution.

MCM-41 also shows an increase in the compounds but to a lesser
extent and considerably reduces the formation of 3-ethenyl-pyridine
(16), 1-methyl-2-pyrrolidinone (19), 1-(3-pyridinyl) -2-propen-1-one
(24) and 3-(4-pyridyl) acrylaldehyde (28), highlighting the practical
disappearance of compound 24. This catalyst, unlike the two SBA-15

M SBA-15f  m SBA-15p MCM-41  m NNK
100
80
g 60
<
e
< 40 i i :
a -_—
20
—_—
—
0
325 350 375 400 425
T(2C)

Fig. 16. Decomposition of NNK in presence and absence of catalyst under
oxidative atmosphere.
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Fig. 15. Contribution to the total area (%) of the main compounds generated in the thermal and catalytic decomposition of NNK, under inert atmosphere. Nitric
oxide (2), aziridine (3), 3-ethenyl-pyridine (16), 1-methyl-2-pyrrolidinone (19), 1-(3-pyridinyl)-2-propen-1-one (24), 3-(4-pyridyl)acrylaldehyde (28), N-methyl-
myosmine (33), myosmin (34), nicotyrine (38), 3-(2,5-dimethyl-1H-pyrrol-1-yl)pyridine (39), (E)-4-(methylamine)-1-(pyridin-3-yl)but-2-en-1-one (44).
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Fig. 17. Contribution to the total area (%) of the main compounds generated in in the thermal and catalytic the decomposition of NNK under inert atmosphere.
Carbon Dioxide (1), Water (9), 2-Cyanopyridine (18), 1-Methyl-2-Pyrrolidinone (19), 3-Acetylpyridine (20), 3-Hydroxypyridine (22), 1-(3-Pyridinyl)-2-propen-1-one (24),
niacin (27), niacinamide (32), myosmine (34), 3-propionylpyridine (36), nicotyrine (38).

Table 5
Toxic compounds present in the gases generated in the decomposition of NNK.
SBA-15f SBA-15p MCM-41
He Air He Air He Air
3 Agziridine ! - ! ; i B
6 Hydrocyanic acid - l - | - )
7 N-methylenethanamine t - l - l -
8 Acroleine - 1 - 1 - 1
13 Pyridine 1 T 1 t ll t
16 3-ethenyl-Pyridine 1 - l - 1 -
30 Nicotine 1 - 1 - 1
49 NNK ! 1 1

materials, greatly favors the formation of N- methylmyosmine (33) at
400 °C, and nitric oxide (2) as the decomposition temperature increases.

Fig. 16 shows the contribution to the total area of the NNK as a
function of the temperature in the oxidizing atmosphere, for pure NNK
and for the mixtures of NNK + catalyst. As can be seen, the SBA-15f
catalyst in an oxidizing atmosphere practically does not affect the
degradation of the NNK, keeping its contribution to the total area similar
to that obtained in the thermal experiments. On the other hand, the SBA-
15p shows a little decrease in the contribution to the total area NNK
compared to the experiment without catalyst at 325 °C (85.7% for NNK
vs 79% for NNF + SBA-15p) that increases when temperature increases,
observing a reduction at 375 °C from 40% for pure NNK to 18.4% for
NNK + SBA-15p. MCM-41 is the material that shows the major reduction
at 325 °C, although it is very small, and at 375 °C it shows an inter-
mediate behavior between both SBA-15.

In Fig. 17, the contributions to the total area of the main decompo-
sition compounds studied for oxidizing conditions are represented. The
results show how the presence of SBA-15 catalysts notably favors the
formation of nicotyrine (38), a nitrogenous alkaloid, going from 3.7% at
425 °C in the thermal decomposition, to 25% in the experiments with
SBA-15f and 16.4% with SBA-15p. In the presence of MCM-41, this ef-
fect is not observed, compound 38 maintaining a percentage similar to

11

the experiment without catalyst. This could be due to the fact that the
SBA-15 have a large pore size that allows the retention of the NNK for
the time necessary to cycle the ring chain, but the MCM-41 material,
which has a greater number of silanol groups and favors the complete
catalytic decomposition of these products with the consequent increase
in the formation of carbon dioxide (1) and water (9). However, the use of
catalysts favors the reduction of some compounds formed by the
decomposition of NNK in an oxidizing atmosphere, such as 3-hydroxy-
pyridine (22). In addition, compounds such as niacin (27) and niacin-
amide (32) are not formed in the presence of these catalysts, so they can
be considered to be products of the thermal oxidation of NNK.

From these results it can be deduced that the presence of these ma-
terials favors the oxidation of NNK, especially the SBA-15p, which has a
more accessible porosity and increases the formation of oxidative
degradation compounds such as compounds 1 and 9, in addition to favor
the selective formation of nicotyrine (38), a selectivity that does not
occur in the MCM-41 material due to its smaller pore size.

Finally, the data obtained can be analyzed from the point of view of
the toxicity. The NNK is a highly carcinogenic substance cataloged by
the IARC in group 1 [46]. The studied catalysts favor the degradation of
this compound and also modify the composition of the gases generated.
From the list of compounds studied in this chapter collected in Table 2,
the toxic and dangerous compounds for humans present in tobacco
smoke have been selected based on the data published in different
bibliographic sources [47-49]. Table 5 shows these compounds as well
as the variation they undergo in the presence of mesoporous silicates.

As can be seen, the three materials practically show the same vari-
ation increasing or reducing the contribution to the area of each of the
toxic compounds. The three materials in He atmosphere reduce azir-
idine, 3-ethenyl-pyridine and, as mentioned, NNK, while increasing
nicotine. N-methylenethanamine increases with SBA-15f but decreases
in the presence of the other two materials, and pyridine decreases in the
presence of both SBA-15 and increases with MCM-41. Furthermore,
neither hydrogen cyanide nor acrolein is formed in the presence of the
catalysts under inert atmosphere. In addition, these materials under air
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atmosphere reduce hydrogen cyanide and obviously NNK, while
increasing acrolein and pyridine. In this atmosphere, aziridine, N-
methylenethanamine, 3-ethenyl-pyridine and nicotine are not
generated.

4. Conclusions

TGA experiments show that NNK degradation exhibits several pro-
cesses of decomposition showing a slight influence of the atmosphere
used. When mesoporous silicates are introduced, important variations
are observed in the thermal processes due to adsorption and/or catalysis
processes. This variation is more notable in air atmosphere where a
process at high temperatures is observed due to the generation of COy
and CO when the remaining residue is burned. MCM-41 is the material
that generates the most significant changes in the decomposition of
NNK, probably due to its larger BET area and surface accessibility,
despite the lower pore size as compared to SBA-15, it seems to be large
enough to enable the interaction with the NNK molecule. The micro
porosity interconnecting the walls of mesopores in the SBA-15 may be
not accessible to the NNK molecule which may also contribute to the
lower activity as compared to MCM-41. The final residues obtained are
always larger in the presence of catalysts, being larger under inert at-
mosphere, showing the ability of the catalysts to favor coke formation.

In EGA experiments it has been possible to monitor the composition
of the gases generated as a function of temperature. The composition of
the gas generated in an inert atmosphere is mainly composed of 1-(3-
pyridinyl)-2-propen-1-one (24), myosmine (34) and (E)-4-(methyl-
amine)-1-(pyridin-3-yl)but-2-en-1-one (44) and by 3-hydroxypyridine
(22), myosmine (34) and 3-propionylpyridine (36) in addition to COy
(1) and H20 (9) in atmosphere oxidizing. In the presence of mesoporous
silicates the compounds generated are modified. All three materials
accelerate the decomposition of NNK in both atmospheres. Under inert
atmosphere, MCM-41 followed by SBA-15p are the materials that show
the larger changes in the composition of the main gases generated and
advance the degradation of NNK. For example, the catalysts decrease the
formation of the main compounds obtained in the decomposition of
NNK, 1-(3-pyridinyl)-2-propen-1-one (24) and (E)-4-(methylamino)-1-
(pyridin-3-yl)but-2-en-1-one (44) and favor the formation of Nicotyrine
(38).

Under oxidizing atmosphere, the degradation is also advanced at
lower temperatures and the generation of CO2 (1), H20 (9) and nic-
otyrine (38) increases. The presence of the catalyst reduces the forma-
tion of principal compounds as 3-hydroxypyridine (22) and myosmine
(34), specially the MCM-41 and eliminate completely compounds as
Niacin (27) and 3-(4-pyridyl)acrylaldehyde (26).

In conclusion, NNK is known to be one of the most carcinogenic
compounds for humans present in tobacco. The use of these catalysts has
shown to favor its degradation yielding lower amounts of toxic products
and, therefore, making them interesting materials from the point of view
of reducing the toxicity of tobacco smoke.
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