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a  b  s  t  r  a  c  t

Bidi  smoke,  a complex  mixture  of  toxic  and  carcinogens  chemicals  causes  a large  and  growing  number
of premature  deaths  in  South  Asian  countries  especially  in  India  and  Bangladesh.  The  evolved  products
during  the  thermal  degradation  of  bidi  tobacco  powder  (BTP)  have  been  measured  by using TG–FTIR–MS
technique.  The  results  revealed  that  the  main  gases  and  volatile  products  released  during  the  combustion
and pyrolysis  of  BTP  are  CO,  CO , NH , HCN,  NO,  isoprene,  formaldehyde,  acetaldehyde,  acrolein,  etc.
eywords:
ndian bidi
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Still others  such  as  nicotine,  phenol,  polyaromatic  hydrocarbon  and  some  tobacco  specific  nitrosamines
are  contained  in  submicron  sized  solid  particles  that  are  suspended  in  Bidi  smoke.  The  intensity  or  the
quantity  of  evolved  products  is higher  during  the  combustion  than  pyrolysis  of  BTP.

The  evolved  chemical  data  suggest  that  Bidi  smoke  is responsible  for  cancer  of  the  throat,  oral  cavity,
pharynx,  larynx,  lungs,  esophagus,  stomach,  and  liver.
icotine

. Introduction

Bidis are small hand-rolled unfiltered cigarettes, very com-
on  in South Asian countries, seven or eight times more than

igarettes [1].  Bidi production does not need much technology and
he workers do not wear protective clothes, gloves or masks. They
re chronically exposed to tobacco flakes and dust via the cuta-
eous and nasopharyngeal routes. Hence, workers in a tobacco
rocessing factory were monitored for chromosomal aberrations
CA) using peripheral blood lymphocytes as the test system and
ther side effects such as pain and cramps in shoulders, neck, back
nd lower abdomen. Although primarily an Indian product, but
lso exported abroad and have recently become popular in the
nited States, especially among young people [2].  In India alone,

n 2010 smoking was the main case of about 930,000 adult prema-
ure deaths; of the dead, about 70% (90,000 women and 580,000

en) will be between the ages of 30 and 69 years [3].  Absolute
umber of deaths in this age group is rising by about 3% per year
ue to the population growth. Tobacco smoke is composed of a
omplex mixture of over 4000 chemicals resulting from pyroly-
is [4].  Many of these chemicals exist in very small quantities just
bove the detection limits of sensitive toxicology assays, but many

ighly toxic chemicals are present in large measurable concentra-
ions in tobacco smoke and are known to be involved in causing

 variety of diseases. The particulate phase consists of tar (itself

∗ Corresponding author. Tel.: +966 1 4675971; fax: +966 1 4674018.
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composed of many chemicals), nicotine, benzo(a)pyrene, and hun-
dreds of other noxious compounds. A few examples of gases and
volatile products in tobacco smoke are carbon monoxide, benzene,
ammonia, dimethylnitrosamine, formaldehyde, hydrogen cyanide
and acrolein [5–10]. Nair et al. identified carcinogenic tobacco
specific nitrosamines from the smoke of bidis in concentrations
similar to those of commercial cigarettes [11]. Bidis also deliver
considerable amounts of carbon monoxide, resulting in increased
blood carboxyhaemoglobin concentrations, main cause of bronchi-
tis, tuberculosis, and respiratory diseases. The evolved HCN may
affect the human respiratory system by its toxic effects on the cilia
that line the respiratory tract [12]. In 1986, the International Agency
for Research on Cancer (IARC) working group found that there
is sufficient evidence that active tobacco smoking is carcinogenic
for humans, and concluded that tobacco smoking caused cancers
not only of the lung, but also of the lower urinary tract including
the renal pelvis and bladder; upper aero-digestive tract including
oral cavity, pharynx, larynx, and esophagus; and pancreas [13–16].
TG–FTIR–MS a powerful method has been used in previous studies
to measure evolved gases during the thermal treatment of vari-
ous substances [17–20].  This method offers the potential for the
non-destructive, simultaneous, real-time measurement of multi-
ple gas phase compounds in complex mixture. In the present study,
we  report the evolved gas analysis during the thermal degrada-
tion of bidi tobacco powder (BTP). The thermal degradation is in

a helium and oxygen environment during pyrolysis and combus-
tion respectively. The evolved volatile products were analyzed by
thermogravimetric/Fourier transform infrared (TG–FTIR) and ther-
mogravimetric/mass spectroscopy (TG–MS).

dx.doi.org/10.1016/j.jhazmat.2011.10.090
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:alshehri@ksu.edu.sa
dx.doi.org/10.1016/j.jhazmat.2011.10.090
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Table 1
Composition of elements for the sample shown in Fig. 1 obtained from SEM/EDX.

Elements BTPa Pyrolysis residue Combustion residue

wt.% at.% wt.% at.% wt.% at.%

C K 47.93 63.29 18.34 22.93 4.75 8.24
O  K 29.43 29.18 43.27 52.26 42.25 46.23
Mg  K 1.25 1.00 9.51 8.28 9.28 7.95
Al  K 1.20 0.92 2.30. 1.23 2.25 2.42
Si  K 1.73 0.49 1.30 0.98 2.24 2.12
Cl  K 2.62 1.84 0.00 0.00 0.00 0.00
S  K 0.87 0.50 2.76 2.94 1.19 0.78
K  K 3.31 1.99 8.62 6.13 5.64 5.49
Ca  K 3.69 1.65 18.48 22.12 16.83 20.24
Fe  K 1.13 0.74 2.34 2.46 1.68 0.63
Cd  K 0.20 0.22 0.81 0.74 0.98 1.12
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Hg  K 0.10 0.14 0.28 0.42 0.32 0.54

a Bidi tobacco powder.

. Experiments

.1. Materials

The tested bidi was a popular Indian brand and was  brought
rom an open market in New Delhi (India). A bidi consists of about
.2–0.5 g of sun-dried and processed tobacco flakes, rolled in a
endu leaf (Diospyros elanoxylon or Diospyros ebenum) and held
ogether by a cotton thread. The tendu leaf constitutes 60% of the
eight of the bidi [21]. The tobacco rolled in bidi is different from

hat used in cigarettes and is referred to as bidi tobacco [22]. Dark
nd sun-dried bidi tobacco was crushed mechanically to obtain
ts powder. The particle size of the resulting powder was  in the
ange of 100–300 �m.  The SEM micrographs (scanning electron
icroscopy) of BTP are shown in Fig. 1 and the composition of

lements (weight percentage and atom percentage) obtained from
EM/EDX is illustrated in Table 1.

.2. Method

The TG–FTIR–MS analysis was performed using simultaneous
hermogravimetry (STD 600 TA Instrument) coupled with FTIR
Bruker Tensor 27) and mass spectrometry (ThermoStar, Pfeiffer
acuum). The analysis was performed under following helium and
xygen at 100 mL  min−1. The coupling systems between TG–FTIR
nd TG–MS were heated at 200 ◦C to prevent condensation of
volved gases and FTIR scanning range was from 400 to 4000 cm−1.
he mass spectrometer was operated at 70 eV. The m/z  was  carried
ut from 1 to 100 amu  to determine which m/z has to be fol-
owed during the TG experiments. The ion curves close to the noise
evel were omitted. Finally, only the intensities of 25 selected ions
m/z = 12, 14, 15, 16, 17, 18, 20, 26, 27, 28, 30, 31, 32, 40, 42, 43, 44,
5, 54, 56, 58, 68, 78, 94 and 108) were monitored with the thermo-
ravimetric parameters. The number of gaseous species released
uring the thermal degradation of BTP is significant therefore for
he purpose of this study, a sample of approximately 20–30 mg  was
eated in helium and oxygen at 10, 20, 30, and 50 ◦C min−1, first to
00 ◦C to dry the sample for 2 min, and then to 950 ◦C for thermal
egradation. The small sample size used in this work ensured that
emperature gradients within the sample were minimized.

. Results and discussion

.1. TG measurements of bidi tobacco powder (BTP)
The thermogravimetric (TG) and differential thermogravimet-
ic (DTG) curves during pyrolysis and combustion of BTP at a
eating rate 30 ◦C min−1 are shown in Figs. 2 and 3 respectively.
Fig. 1. SEM micrographs of TBP: (A) crushed BTP, (B) residue during combustion
and (c) residue during pyrolysis.

Based on DTG profile, pyrolysis process can be subdivided into four
stages. The first stage is a 5.96% weight loss for drying the sample
(below 150 ◦C). Surface moisture and inherent moisture are emit-
ted in this stage. The second stage is fast thermal decomposition
for BTP between 200 ◦C and 400 ◦C; most of the weight loss (about
42.51 wt.% of the total weight of original samples) occurs during
this stage, corresponds to the main step of tobacco powder degra-
dation in to volatile product. There are two peaks in the DTG curve
(weight loss rate) at this stage: the maximum weight loss rate was

occurred at 344.7 ◦C, while the temperature at secondary peak was
296 ◦C with 8.63% weight loss per minute. The last stage in pyrol-
ysis is further cracking process of the tobacco powder residue in
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Fig. 2. TG/DTG o

 wider temperature range, from 425 ◦C to the end of this experi-
ent (950 ◦C); about 19 wt.% of the total weight loss at a lower rate

n this stage, and the total weight loss of 73.5 wt.% was  discovered
t 950 ◦C.

The combustion of bidi powder at low temperature up to 400 ◦C
s similar to that of pyrolysis and found to be 43.10% of the total

eight lost at the temperature range between 200 ◦C and 400 ◦C.
he weight loss rate reaches its maximum value at 469 ◦C and
bout 40.42% min−1 weight loss was observed at this stage. After
00 ◦C, the molecules of BTP start to crack. The total weight loss

f 86.53 wt.% was discovered at 950 ◦C in BTP combustion. The
emaining solid products from pyrolysis and combustion contain
har, ash and unchanged biomass material. The SEM micrographs
f the tobacco residue are given in Fig. 1 and the composition of

Fig. 3. TG/DTG of TBP du
uring pyrolysis.

elements (weight percentage and atom percentage) obtained from
SEM/EDX analyses are illustrated in Table 1. The metals, such as
nickel, lead, cobalt and cadmium found in residue of BTP after
combustion and pyrolysis are cancer-causing ingredients, inhaling
them in tobacco smoke is worse, because they are easily absorbed
by the lungs [23–25].

3.2. Pyrolysis and combustion kinetics
The pyrolysis and combustion of BTP could be divided into four
non-interacting weight loss stage on the basis of DTG profiles,
which can be described by four independent parallels first order
reactions [25]. The first order reaction based Arrhenius theory is

ring combustion.
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Table 2
First order kinetic parameters (activation energy and Arrhenius pre-exponential
factors and coefficient of determination) of the BTP during pyrolysis and combustion.

Temperature stage Activation energy
(kJ mol−1)

Pre-exponential
factor (s−1)
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Pyrolysis at second stage 45.4 3.61E+002 0.851
Combustion at second stage 62.45 3.52E+001 0.913

ommonly assumed in the kinetic analysis during combustion and
yrolysis.

 = A exp
(

− E

RT

)
(1)

here k is constant of reaction rate, T is thermodynamic temper-
ture (K), R is universal gas constant (R = 8.314 J mol−1 K−1), E is
ctivation energy and A is a pre-exponential factor. The rate of
ecomposition may  be expressed by:

d˛

dt
= k(1 − x) (2)

here  ̨ is mass loss fraction and defined as:

 = m0 − mt

m0 − mf

here m0 is the initial mass sample, mt is mass sample at t time dur-
ng thermal degradation and mf is the final mass when experiment
nished. Taking into account that temperature is a function of time
nd increase with constant heating rate  ̌ the following expression
erives:

 = ˇt + T0 (3)

ifferentiating the above correlation, it derives:

T = ˇdt

q. (2) could be written as

d˛

1 − ˛
= k

ˇ
dT (4)

n integration function of above Eq. (4) is shown below

(˛) =
∫ ˛

0

d˛

dt
= A

ˇ

∫ t

0

exp
(

− E

RT

)
dT (5)

here g(˛) = −ln(1 − ˛).Eq. (5) is integrated by using Caots–Redfern
ethod:

n
g(˛)
T2

= ln
(

AR

ˇE

[
1 − 2RT

E

])
− E

RT
(6)

here g(˛) is the kinetic mechanism function in integral form.
As the term of 2RT/E can be neglected since it is much less than

, Eq. (6) could be simplified as

n
g(˛)
T2

= ln
(

AR

ˇE

)
− E

R

1
T

(7)

he term of ln(g(˛)/T2) varies linearly with 1/T  at a slope −E/R.
eanwhile, the intercept of the line with y-axis is related to the

re-exponential factor A. Both the activation energy E and pre-
xponential factor A can be determined by the slope and intercept
f the line and presented in Table 2.

.3. FTIR analysis of evolved gas

The infrared Gram–Schmidt reconstructs based on vector anal-

sis of the acquired interferograms allow plots of the total evolved
ases detected by the spectrometer to be generated (Fig. 4). The
etector signal has been plotted as a function of sample temper-
ture and qualitatively approximates DTG curves recorded during
us Materials 199– 200 (2012) 200– 208 203

the TG experiments performed under different controlled condi-
tions. It should be noted that the peaks in the Gram–Schmidt plot
are shifted to higher temperatures than the corresponding DTG
curve; this is due to the delay time between the gas generation
and its detection in the FTIR equipment. In the Gram–Schmidt plot
of BTP during the pyrolysis, the second peak is big, when com-
pared with second peak during combustion, suggesting that the
amount of the evolved gases in this stage is large and with high
infrared extinction coefficients. In contrast, the third degradation
stage seems to be composed of a small amount of evolved gases
with low infrared extinction coefficients. The peak observed in
the Gram–Schmidt plot during combustion in big intensity sug-
gests that the amount of evolved gas in this stage is very high
and with very high infrared extinction coefficients. Fig. 5 shows
3D FTIR spectra for the gases produced from thermal degradation
and Fig. 6 shows the FTIR spectrograms at 270 ◦C temperature dur-
ing pyrolysis and combustion of BTP. The temperature dependence
of intensity agrees well with the temperature dependence of DTG
curve, and the intensity of gas emission reaches its maximum at
270 ◦C, which is the same temperature of the maximum loss rate
during pyrolysis and combustion. The main gases released dur-
ing the pyrolysis of BTP are H2O, CO2, CO, NH3, HCN, NO, NO2
and some organic volatile compounds such as aldehydes (pro-
pionaldehyde, acetaldehyde and formaldehyde) and acids (C O),
alcohols and phenols (C–O), alkanes (C–C), alkenes (C C) and aro-
matic hydrocarbon. The emission of water follows two  steps. At
first, the absorbed water is released out by evaporation. Secondly,
when the temperature reaches 200 ◦C, water was  generated by the
cleavage of aliphatic hydroxyl groups and confirmed by the appear-
ance of bands at 3550–3640 cm−1. The gases emission was mainly
concentrated between 200 and 700 ◦C, which is in agreement with
the thermogravimetric data. The presence of CO2 and CO was con-
firmed by the appearance of band at 2326 cm−1 and 2176 cm−1

respectively [26]. Absorption bands at 2981 and 2889 cm−1, related
to C–C stretching for aliphatic compounds and a band at 1634 cm−1

due to C C stretching of unsaturated group (alkene) were also
observed. Fig. 7, the FTIR spectrum of evolved gases during combus-
tion and pyrolysis shows the production of aromatic hydrocarbons
at higher temperature (up to 500 ◦C) was  confirmed by the appear-
ance of band at 3011 and 845 cm−1. Another bands at 3474 cm−1

and 1264 cm−1 which is related to N–H stretching vibration and
C–N stretching vibration of NH3 and amines respectively produced
by the cleavage of Nicotine and tobacco-specific nitrosamines. In
the similar manner, the presences of carbonyl groups (formalde-
hydes, acetaldehyde and propionaldehyde) in the evolved gases
during the pyrolysis of BTP were confirmed by the appearance of
bands between 1680 and 1750 cm−1. Tobacco smoke contains also
high concentrations of toxic aldehydes [27]. The most abundant
aldehyde in tobacco smoke is acetaldehyde, and its concentration
in tobacco smoke is 1000 times greater than those of polycyclic
aromatic hydrocarbons and tobacco-specific nitrosamines. Tobacco
smoking is one of the strongest risk factors not only for lung cancer
but also for cancers of the upper gastrointestinal tract. Acetalde-
hyde has been shown to dissolve into the saliva during smoking
and become a local carcinogen in the human upper digestive tract.
Cysteine can bind to acetaldehyde and eliminate its toxicity.

The emission of phenols and cresols was confirmed by the
appearance of absorption peaks in the range 3526–3613 cm−1 cor-
responding to O–H stretching and another peaks at 1108 cm−1,
1023 cm−1 were observed corresponding to C–O and O–H respec-
tively.

The evolved gases and volatile products during the combus-

tion of BTP are similar to the product evolved during the pyrolysis
of BTP. It was observed that the intensities of CO2, CO, H2O, etc.
were very high when compared with their intensities during pyrol-
ysis, attributed to the oxidation of decomposition product. The
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Fig. 4. Gram–Schmidt plot during thermal degradation: (a) pyrolysis and (b) combustion.

Fig. 5. 3D FTIR plot during thermal degradation: (a) pyrolysis and (b) combustion.

Fig. 6. Spectrograms during pyrolysis and combustion of BTP at 270 ◦C.
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Fig. 7. Spectrograms during pyro

ain evolved products obtained at 270 ◦C were H2O, CO2, CO, NH3,
CN, NO, NO2, formaldehyde, acetaldehyde, alkans, alkenes, aro-
atic hydrocarbons, amines, phenols, cresols, etc. [28]. Although

ome interesting results have been provided by the FTIR analysis,
his technique has two main drawbacks. First, as observed on 3D
lot of the FTIR spectra, a strong IR signal caused by absorption of
2O appears during the pyrolysis, which can hide the detection of

ome gases. Secondly, there were gases released during the ther-
al  decomposition, which were undetectable with FTIR such as
2 and Cl2. In order to follow all main gaseous products, further

nvestigation was conducted using the coupling TG–MS.

.4. Evolved gas analysis with MS

The evolved products during the thermal degradation of BTP
ere determined by thermogravimetry coupled to a mass spec-

rometer and are shown in Fig. 8a–j. The release of carbon dioxide
uring this degradation stage was confirmed by a fragment at m/z
4 (CO2

+) (Fig. 8a), 28 (CO+), and 45 (C13O2) it is also supported
y FTIR data where carbon dioxide has been observed in all three
tages, but it is much more pronounced in the second step of the
TP combustion [29]. The releasing of water begins at 100 ◦C and
hows fragments at m/z  18 in the first and second degradation stage
uring pyrolysis and combustion of BTP.

In Fig. 8a, the peaks at m/z 27 which appear with strong inten-
ity in the second degradation step between 250 and 500 ◦C can be
ssigned to HCN or C2H3

+ ions. While the intensity of this fragment
s very low during the pyrolysis of BTP. HCN may  affect the human
espiratory system by its toxic effects on the cilia that line the res-
iratory tract. At the same time, HCN may  cross the placenta and
ave toxic effect on growing fetus and cause nerve damage [30].

The mass per charge ratio, m/z = 28 corresponds mainly to CO,
2H4, and N2. All the three can be expected from BTP keeping in
ind the high amount of oxygen containing molecules in the plant
aterials, m/z  28 is due mainly to CO [31]. This is in agreement
ith the TG–FTIR spectra. The release of other volatile products
uring second stage degradation show fragment at m/z 68 and

4 with 42 due to the presence of isoprene and butadiene with
ropane shown in Fig. 8c and 8 respectively [32]. Isoprene and
utadiene caused a macrocytic anemia; induced increases in sis-
er chromatid exchanges in bone marrow cells and in levels of
nd combustion of BTP at 500 ◦C.

micronucleated erythrocytes in peripheral blood; and produced
degeneration of the olfactory epithelium, forestomach epithelial
hyperplasia, testicular atrophy and carcinogenic effect on liver,
lung, harderian [33]. In Fig. 8e–f some additional peaks were
observed at m/z 78, 94 and 108, which can be assigned to benzene,
phenol, and o-cresol, m-cresol, p-cresol fragments respectively
[34,35]. It is well-established that benzene can cause cancer, par-
ticularly leukaemia. It could account for between a tenth and a half
of the deaths from leukaemia caused by smoking [36].

The MS  fragments at for propionaldehyde (m/z = 58), acetalde-
hyde (m/z = 44) and formaldehyde (m/z = 30) show intensity at
270 ◦C during the combustion while during the pyrolysis the inten-
sity is continually increased and are shown in Fig. 8g and h [37,38].
The m/z 29 corresponds mainly to ions CHO+ and C2H5

+. Former is
characteristic to aldehydes, most abundant fragment of formalde-
hyde, but other organic compounds can also produce it. Latter
is a low-abundance fragment of several compounds containing
–C2H5. The releasing of gas contributing to m/z = 17 (ammonia)
fragment happened at a large number of temperature, First emis-
sion occurs between 200 and 300 ◦C, and second release appears
between 400 and 500 ◦C as in Fig. 8i [39]. Another nitrogen rich
product was  observed at m/z = 74 (dimethylnitrosamine) [40], that
can directly damage DNA, like polycyclic aromatic hydrocarbons
(PAHs). Nitrosamines are found in small amounts in food, but
tobacco products, including those that are chewed rather than
smoked, are by far our largest source of exposure to these chem-
icals. Even though they are found in relatively small amounts in
tobacco, they are very strong cancer-causing chemicals [41]. Finally
in Fig. 8j, acrolein (m/z = 56) [42], a gas with an intensely irri-
tating smell and is one of the most abundant chemicals in BTP
smoke belongs to the same group of chemicals as formaldehyde
and acetaldehyde, both of which can cause cancer [43]. Until now,
it was  not clear if acrolein causes cancer as well, but recent experi-
ments suggest that it can. We  now know that acrolein can cause
DNA damage that is similar to the damage seen in lung cancer
patients. Since smoke contains up to 1000 times more acrolein
than other DNA-damaging chemicals, it could be a major cause

of lung cancer. Acrolein also stops our cells from repairing DNA
damage, like arsenic and cadmium. Like hydrogen cyanide, it kills
the hairs that normally clean our lungs of other toxins [44]. The
MS spectrum of products released during the pyrolysis of BTP is
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Fig. 8. (a) Single ion current curves of m/z = 27 during thermal degradation of BTP. (b) Single ion current curves of m/z = 44 during thermal degradation of BTP. (c) Single ion
current curves of m/z = 68 during thermal degradation of BTP. (d) Single ion current curves of m/z = 54 and m/z = 44 during thermal degradation of BTP. (e) Single ion current
curves  of m/z = 78 during thermal degradation of BTP. (f) Single ion current curves of m/z = 94 during thermal degradation of BTP. (g) Single ion current curves of m/z = 58
during thermal degradation of BTP. (h). Single ion current curves of m/z = 30 during thermal degradation of BTP. (i) Single ion current curves of m/z = 17 during thermal
degradation of BTP. (j) Single ion current curves of m/z = 56 during thermal degradation of BTP.



zardo

c
p
t

t
e
e

4

w
a
y
a
y
c
b
w
s
t
c
n
c
T
a
c

A

R
s

R

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

T. Ahamad, S.M. Alshehri / Journal of Ha

ompletely different than combustion and the quantity of evolved
roduct is very low when comparing with corresponding combus-
ion product.

Thus, the FTIR analysis and the mass spectrometry have advan-
ages and disadvantages. However, using information provided by
ach of them, it is possible to have an identification of the gases
mitted by degradation of BTP during pyrolysis and combustion.

. Conclusion

The products evolved during the combustion and pyrolysis
ere studies by using TG–FTIR–MS technique. The main gases

nd volatile products released during the combustion and pyrol-
sis of BTP are CO, CO2, NH3, HCN, NO, isoprene, formaldehyde,
cetaldehyde, acrolein, etc. Still others such as nicotine, phenol, pol-
aromatic hydrocarbon and some tobacco specific nitrosamines are
ontained in submicron sized solid particles that are suspended in
idi smoke. Last but not least, the data reported here are in line
ith the human data which suggest a correlation between bidi

moking and cancers. According to a recent systematic evaluation
obacco is a potent multisite carcinogenic with a worldwide impact,
ausing cancers of lung, upper aero-digestive tract (oral cavity,
asal cavity, nasal sinuses, pharynx, larynx and oesophahus), pan-
reas, stomach, liver, lower urinary cervix and myeloid leukaemia.
herefore, bidi smoking is very harmful and causes a large
nd growing number of premature deaths in India and other
ountries.
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