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Abstract

Tobacco waste is one of the main industrial agricultural wastes. In this study, potential of pyrolysis process for valorization
of this type of biomass waste was investigated based on thermogravimetirc analysis. Thermogravimetric analysis of the
tobacco waste material was carried out at different heating rates (5, 10, 20, 40 °C min_l) by heating from room tem-
perature to 900 °C in an inert nitrogen atmosphere. The main decomposition occurred approximately between temperatures
150 and 390 °C. Pyrolysis kinetic was investigated by the DAEM method to determine kinetic parameters (activation
energy and frequency factor) by using thermogravimetric data. Activation energy (E) and the frequency factor (kq) were
ranging from 280.38 to 201.96 kJ mol ™' and 2.45E+14 to 8.19E425 s, respectively. The evolved gaseous products
were investigated by using the TG-FTIR technique, and effect of temperature and heating rate on products was examined.
Characterization of the bio-oil obtained from pyrolysis of the tobacco waste in the fixed-bed reactor was carried out using
FT-IR, GC-MS and '"H.NMR techniques. According to GC-MS results, bio-oil consists mainly of nicotine (26.78%),
phenol (8.02%) and limonene (4.59%) compounds. GC-MS, FT-IR and "H-NMR results were consistent with each other.
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Introduction

The enormous consumption of fossil fuels, depletion of
energy resources and serious environmental pollution are
major problems related with fossil fuel usage that lead
researchers focus on alternative energy sources. Demand
for clean and renewable energy sources is increasing day
by day[1-3]. Biomass is a clean, cost-effective, abundant
carbon-containing, low-sulfur containing renewable mate-
rial used for heat and fuel production. At the same time,
biomass is among the fourth largest sources of energy that
meet more than 14% of world energy needs [4, 5]. The
biomass can be converted into valuable products when
applied to a variety of conversion processes [6]. Pyrolysis
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is the thermochemical conversion process applied under an
inert nitrogen atmosphere [7-9].

After the processing of the tobacco used in the production
of cigarettes, approximately 20% of the residue remains. A
large amount of tobacco residues represents the significant
amount of biomass to be treated. Thanks to the pyrolysis
method, renewable materials such as tobacco waste can be
converted into valuable products (such as bio-char, bio-oil
and biogas). [10—12]. A number of studies have been pub-
lished in the literature on pyrolysis of tobacco wastes.
Cardoso et al. [13] investigated pyrolysis of tobacco waste
using thermogravimetric analysis technique. Wu et al. [14]
investigated kinetics and reaction chemistry of pyrolysis and
combustion of tobacco waste. They applied iso-conversional
methods and calculated activation energies. Chen et al. [15]
investigated pyrolysis of tobacco waste and investigated bio-
oil composition and nitrogen conversion degree to obtain
optimum pyrolysis conditions. Gao et al. [10] applied model-
fitting method to analyze reaction kinetics of tobacco waste
pyrolysis to obtain kinetic triplets. Wang et al. [16] investi-
gated pyrolysis and combustion profiles and kinetics of
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tobacco waste using DAEM model. Cordoso and Ataide [11]
reported on the effects of temperature and inorganic content
on pyrolysis of tobacco residues. Hossain et al. [17] studied to
optimize pyrolysis reactor conditions to produce nicotine.
These studies are generally sole kinetic or product charac-
terization studies. However, this study is a comprehensive
study that brings kinetic analysis and detailed product analysis
to present a detailed report on tobacco waste pyrolysis process.

Kinetic study is very useful for understanding degrada-
tion mechanisms, reaction rate and reaction parameters. It
can facilitate the design, operation and optimization of the
operating conditions of the reactors [18]. There are many
models in the literature such as Kissinger model, Flynn—
Wall-Ozawa (FWO) model, Friedman (FR) model, Coats—
Redfern model and distributed activation energy model
(DAEM) for calculation of pyrolysis kinetics. Among these
models, the distributed activation energy model (DAEM) is
widely used for the analysis of complex reactions during
pyrolysis of many biomasses [19, 20].

Thermochemical processes play an important role in the
conversion of biomass materials to energy. Thermogravi-
metric analysis (TGA) is one of the general techniques used
to determine kinetic parameters during biomass pyrolysis
and to examine thermal behaviors [20, 21]. TGA is the
technique in which sample mass is measured as a function of
time or temperature in nitrogen or air atmosphere. The
reduction in sample mass in the TGA technique reflects
physical and chemical changes throughout the conversion.
Differential thermogravimetric curves (DTG) are used to
clarify various thermogravimetric processes [22].

In this study, pyrolysis behaviors of tobacco waste were
investigated using thermogravimetric data at different
heating rates (5, 10, 20 and 40 °C min_l). The kinetic
parameters (E and kg) for the pyrolysis process were esti-
mated using the distributed activation energy model
(DAEM) method. Techniques such as FT-IR, XRF, prox-
imate and ultimate analyses were preferred for the char-
acterization of raw tobacco waste, while TG-FTIR analysis
identified volatile products that were evolved during
pyrolysis of the tobacco waste. At the same time, charac-
terization of the bio-oil obtained from pyrolysis of the
tobacco waste at 600 °C in the fixed-bed reactor was car-
ried out using FT-IR, GC-MS and 'H-NMR techniques.
FT-IR and 'H-NMR results of the products obtained
according to GC-MS results were examined.

Materials and methods
Tobacco waste characteristics

The tobacco wastes (TW) were supplied from a local
company in Samsun, Turkey. The samples were washed

@ Springer

with deionized water to remove surface dirt and dried in a
100 °C oven overnight. Dried samples were crushed and
sieved into a particle size of 63—125 pum to prevent heat
and mass transfer limitations in thermogravimetic analysis.
TW were characterized in terms of proximate and ultimate
analysis, according to the ASTM standards (E871, D1102-
84) by using a programmable ash oven. Leco type analyzer
CHNS-932 was used for the elemental analysis and oxygen
bomb calorimeter was used for the determination of high
heating value of TW. For XRF analysis, TW samples were
dried in an incubator and then grounded in Spex mill. The
obtained powder was sieved using a 140-mesh sieve and
then stirred for 25 min. Then, samples were pressed into
40-mm-diameter pellets. The measurement parameters
were set up by using the Epsilon 5 EDXRF system’s inbuilt
software. Samples were irradiated by X-rays from Gd tube
under a vacuum equipped with a liquid nitrogen cooled
PAN-32 Ge X-ray detector having window thickness of
8 um. The power, current and high voltage of the instru-
ment was 600 W, 6 mA and 100 kV, respectively.

Thermogravimetric analysis (TG)

Thermogravimetric analysis (TGA) was carried out using
simultaneous differential thermogravimetric analyzer
(DTA) equipped with a heat flux-type DTA and a TGA
(Shimadzu, DTG-60, Japan; with a precision of tempera-
ture measurement £ 0.1 K, DTA sensitivity &= 0.1 pV and
microbalance sensitivity = 0.1 pg) at heating rates of 5,
10, 20 and 40 °C min~" under a nitrogen atmosphere with
a flow rate of 100 mL min~' with samples of approxi-
mately 10 mg.

TGA-FTIR analysis

The TGA-FTIR experiments were carried out in a ther-
mogravimetric analyzer coupled with Fourier transform
infrared spectrometry (Perkin Elmer Simultaneous Thermal
Analysis (SDTQ) 600). Approximately 10 mg of TW was
loaded onto the sample holder for each run. The samples
were heated from ambient temperature to 800 °C at a
heating rate of 5, 20 and 40 °C min~!. The flow cell
connecting the TG and FTIR was heated to 200 °C to
prevent the produced gas from condensing on the cell wall
[23]. The flow rate of the carrier inert nitrogen gas was
100 mL min~'. The spectral region of the FT-IR was
4000-400 cm™', and spectrum scan was conducted with
0.12-s intervals.

Kinetic analysis

In kinetic parameters of TW, pyrolysis process was
investigated by using DAEM method. The DAEM
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represented is as follows when it is applied to represent the
change in total volatiles [20].

00 T

1-V/Vv* :/exp %/e‘E/RTdT f(E)dE (1)

0 0

where V is the volatile content at temperature 7, V*is the
effective volatile content, k, is the frequency (or pre-ex-
ponential) factor, E the activation energy, T the absolute
temperature, R the universal gas constant. The distribution
curve f(E) is defined to satisfy

oo

/ f(E)E = 1. (2)

0

Equation (1) can be simplified to Eq. (3)
00 Es
V/Vi=1- /f(E)dE: /f(E)dE (3)
E, 0

where E is the activation energy at a given temperature.
The simplified DAEM model can be given as Eq. (4).

In <%> =In <k07R> + 0.6075 — (R_ET> (4)

In Eq. (4), B is heating rate, T is absolute temperature (K),
ko pre-exponential factor, R is universal gas constant
and E is the activation energy. In the plot of the natural
In (B/T”) versus inverse temperature, 1/7, at selected con-
version values, slope of straight lines give E.

Pyrolysis experiment

Pyrolysis of 10 g of weighed tobacco waste biomass was
carried out in an electrically heated “pyrolysis reactor”
with a volume of 600 cm?. Pyrolysis experiments were
carried out under an inert nitrogen gas atmosphere at a flow
rate of 100 mL min~' at a temperature of 600 °C with a
heating rate of 20 °C min~'. The reactor temperature was
supplied by the heat couple placed inside the reactor from
the top of the furnace. After the reaction temperature was
reached, it was held at 600 °C for 120 min. The liquid
products were condensable in the system and captured with
dichloromethane (DCM). The solvent (DCM) was sepa-
rated from the bio-oil using a rotary evaporator, and the
resulting bio-oil was characterized.

Gas chromatography-mass spectrometry (GC-
MS)

Analysis of the examined pyrolysis products was per-
formed on a gas chromatography—mass spectrometry (GC—

MS, Agilent) using FID detector. The GC separation of
pyrolysis vapors was performed with a RTX-5 column
(30 m x 0.25 mm ID x 0.25 pm) with helium carrier gas
flow of 2 mL min~" and a 1:20 split ratio. The temperature
of the column was programmed as follows: (1) 80 °C;
(2) from 80 to 200 °C at a rate of 10 °C min~'; (3) the
column final temperature was maintained at 300 °C for
about 10 min.

"H NMR spectroscopy

'"H NMR spectra were recorded on 600 MHz Bruker
spectrospin instruments. The bio-oil from the pyrolysis of
the tobacco waste was diluted with D,0. Tetramethylsilane
(TMS) was used as the standard substance.

Results and discussion
Characterization of TW

The proximate, ultimate analysis and higher heating value
of tobacco waste are given in Table 1. The volatile matter
content of tobacco waste was 70.20% comparable with
previously published biomass species. High volatile matter
content was desired in a pyrolysis process to obtain high
amount of liquid (bio-oil) and gas products. As seen from
Table 1, the ash content of tobacco waste samples was
higher than the ash content of other terrestrial biomass
[14]. Ash can limit heat and mass transfer while creating
problems such as slagging and fouling in boilers. However,
there were previously published studies emphasizing the
catalytic effect of various minerals (especially alkali met-
als) in ash that can improve product yields. XRF result of
tobacco waste is given in Fig. 1 showing that TW was rich
in K and C had positive effect in thermochemical conver-
sion processes [24]. According to the ultimate analysis
results, TW had low S content. The S content was critical
due to environmental issues such as SO, gas emissions and
acid rains. The N content of TW was generally high.
Nitrogen-related emissions in gas or species in bio-oil
content were important for environmental issues. Co-val-
orization with other biomass types or fossil fuels such as
coal can reduce nitrogen release caused by TW.

The FT-IR spectrum of raw TW is shown in Fig. 2 with
bands assigned summarized in Table 2. The large peak at
3281 cm™' was attributing to the stretching of primarily
O-H groups. The symmetric and asymmetric stretching
vibration associated with the peaks at 2918-2847 cm ™' of
C single bond H were alkyl and aliphatic chains. Moreover,
the C=0 group was mainly from the acids, aldehydes and
ketones [25]. The stretch of C=0 in FT-IR spectrum of raw
TW was 1603 cm_l, respectively. The 1410-1315 cm”!
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Table 1 Proximate and ultimate analysis of TW

™ Tobacco stem Tobacco waste  Cotton husk White pine Pine sawdust
(This (Yang et al. (Wu et al. (Bhavanam and Sastry (Chiodo et al. (Hu et al.
study) (12D (14D [20D) 8D [30D
Proximate analysis/mass%/dry, ash-free basis
Moisture 2.83 3.51 4.31 7.90 7.6 4.54
Ash 17.60 21.70 19.88 6.00 0.80 1.69
Volatile matter 70.20 68.64 59.75 66.00 74.20 82.18
Fixed carbon® 9.37 6.14 16.06 20.10 17.40 16.13
Ultimate analysis/mass%/dry, ash-free basis
C 36.21 32.66 46.96 46.88 45.46 46.36
H 5.14 5.66 5.92 4.83 5.32 5.75
N 2.32 3.81 3.55 0.93 0.18 2.26
S 0.04 0.76 0.66 0.36 0.05 0.32
o* 56.27 31.91 4291 41.00 40.60 43.62
Higher heating value/ 14.77 11.30 13.88 17.34 17.96 16.81

MJ kg™!

“Calculated by difference

Fig. 1 Chemical composition of TW, mass/%

C-H bending bands correspond to alkyl and aliphatic
bending modes [26]. The stretching associated with the
peaks at 1323 and 1320 cm™' of raw TW materials was
likely indicative of C-O stretching vibration in organic
acids, ketones, ethers and alcohols groups [27]. The

absorbance peaks at 1025 cm™' were likely the C—-O-H
deformation in secondary and primary alcohols or aliphatic
ethers and lipids [28].

Thermal behavior

The mass/% (TG) and derivative mass/% min~' (DTG)
curves of the thermal decomposition of TW at four heating
rates, 5, 10, 20 and 40 °C min~' under nitrogen atmo-
sphere are shown in Fig. 3. DTG curves were used to
determine the mass loss steps in the pyrolysis process of
tobacco waste. Moisture was removed by heating the
tobacco waste sample from room temperature to 120 °C.
As seen in Table 3, the decomposition range of the tobacco
waste sample was determined as approximately
150-400 °C from DTG curves in all heating rates (5, 10, 20

Fig. 2 FT-IR spectra of TW, its 0.5 -
bio-oil obtained at 600 °C for == Raw material
20 °C min~! o
0.4 Bio—oil
[0}
2 0.3
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£
o
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<
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Table 2 Functional groups as

. . Functional grou;
assigned to specific wave group

Vibrational mode

1

Wave number/cm™ Assigned species

numbers for FT-IR analysis of

L : Functional group of raw TW
TW and of bio-oil obtained at

600 °C for 20 °C min~" O-H Stretch 3281 H,O
C-H Stretch 2918-2847 Alkyl, aliphatic hydrocarbons
C=0 Stretch 1603 Aldehydes, ketones, acids
C-H Bending 1410-1315 Alkyl, aliphatic groups
C-0, C-O-H Stretch 1025 Ethers, alcohols, phenols
Functional groups in devolatized gases from TW
O-H Stretch 3400-3900 H,O
C-H Stretch 3200-2850 CH,
C=0 Stretch 2400-2250 CO,
C-0 Stretch 2250-2000 CcO
C=0 Stretch 1900-1650 Aldehydes, ketones, acids
C-O Stretch 1200 Ethers, alcohols, phenols
Functional groups of bio-oil obtained at 600 °C for 20 °C min™"
O-H Stretch 3277 H,O
C-H Stretch 2925-2855 Alkyl, aliphatic hydrocarbons
C-H Stretch 3040 Aromatic hydrocarbons
C=0 Stretch 1590 Aldehydes, ketones, acids
C-H Bending 1416 Alkyl, aliphatic groups
C-0, C-O-H Stretch 1028-1264 Ethers, alcohols, phenols

and 40 °C min~'). The main decomposition stages of
tobacco waste were observed as peaks in DTG curves. At
higher heating rates, difference in temperatures between
sample and furnace causes a delay in decomposition. Thus,
with increase in heating rate, maximum decomposition
rates and temperatures were shifted to higher regions. As
seen Fig. 3, maximum decomposition was observed at
40 °C min~', respectively.

In the DTG curves, the main decomposition step con-
sisting of the anterior and posterior shoulder blades was
observed. The anterior shoulder may be thought to be the
pyrolysis of hemicellulose. The hemicellulosic decompo-
sition temperature was between 219 and 290 °C. The

second peak observed at higher temperatures relates to
cellulose decomposition, which had more rigid and
stable structure than hemicellulosic. Decomposition of
cellulose was reported to occur between 269 and 388 °C.
The wide peak indicated the degradation of lignin, the most
resistant component of lignocellulosic biomass. Although
decomposition of lignin occurred at higher temperatures
than other components, the decomposition reactions of
these components progress at the same time. The results
were consistent with previous studies on wheat stalks,
sugar bagasse, corn cob, pine wood, rice husk [26-31].

Fig. 3 a TG and b DTG curves 100 = 25
for pyrolysis of TW at different — ~
heating rates 5, 10, 20 and oD
40 °C min-"! 80 - e TG 5 °C min - Lo 7
= TG 10 °C min™" é
60 === TG 20 °C min~’ 32
{ b =~
& —— TG 40 °C min™! 5 e
@ ©
2 e DTG 5 °C min~! €
= 40— DTG 10°C min"" 12
DTG 20 °C min™" 2
20 | DTG 40 °C min~' ~o05 8
AL—"3o
0- == : - 0
0 200 400 600 800

Temperature/°C
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Table 3 Thermal decomposition characteristics of TW at different
heating rates

Heating rate/°C min~'  T/°C  T¢/°C DTGpa/% min~' T
5 153 352 1.6 285
10 155 372 2.6 293
20 162 370 6.1 307
40 173 38 119 323

T; initial decomposition temperature, 7 final decomposition temper-
ature, Tp,.x temperature at the maximum rate of mass loss, DTGy,
maximum mass loss rate

Kinetic study

Distributed activation energy model (DAEM) was used to
predict kinetic parameters for pyrolysis processes [32]. In
this study, pyrolysis of tobacco waste was carried out under
an inert nitrogen atmosphere at four different heating rates
(10, 20, 30 and 40 °C minfl) to calculate the activation
energy (E) and the frequency factor (kg). The graphs were
drawn using thermogravimetric analysis data at different
heating rates and presented in Fig. 2. According to the
DAEM method, the activation energy (E) and the fre-
quency factor (kg) values for each conversion rate were
calculated using the equation presented in Eq. (4) and the
pilot curves plotted in Fig. 4. The E and k; values calcu-
lated for the pyrolysis of the tobacco waste varied between
201.96 and 280.38 kJ mol~" and 10"-10?, respectively.
The mean activation energy value of tobacco waste was
241.27 kJ mol™'. The change in activation energy and
frequency factor for each conversion rate is given in Fig. 5.

As can be seen in Fig. 5, the highest activation energy
(E) for tobacco waste was calculated to Dbe
280.38 kJ mol ' for a conversion rate of 0.3 and then
decreased from 0.3 to 0.8 to 201.96 kJ mol~'. The change
in the reaction mechanism caused a change in the activa-
tion energy (E) values against the progressive conversion
rate. Kinetic parameter calculations for pyrolysis processes
were performed by many researchers using DAEM
[30-35]. Activation energy (E) is one of the most important
parameters used for kinetic models. The activation energies
of different biomass samples were examined and presented
according to the literature results in recent years in Table 5.
Goldfarb and Ceylan [33], Zhang et al. [34] and
Wang et al. [35] examined the kinetic mechanism of cocoa
bean shells, corn stover and eucalyptus and calculated the
average E values as 256.23, 200.00 and 198.58 kJ mol_l,
respectively. In general, E values calculated for tobacco
waste were similar to those reported in these studies.
Table 4 showed that the average activation energy values
of the biomass samples were changing between 198.58 and
256.23 kJ mol ™' using the DAEM. The average activation
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energy value (241.27 kJ mol™") of the calculated tobacco
made it as important as the potential biomass fuels.

TGA-FTIR analysis

The TGA-FTIR method was used to determine the func-
tional groups of volatile products released during the
decomposition of the raw materials and components. Fig-
ures 6 and 7 showed the FT-IR spectra of different
conditions.

Figure 6 represented the IR spectra taken at peak tem-
peratures as observed in the DTG curve obtained at
20 °C min~" and at 195 °C, 300 °C, 388 °C, 633 °C; the
assigned peaks correspond to the functional groups detailed
in Table 2 according to the literature. When the FT-IR
spectra of the tobacco waste were examined, O-H bands
around 3400-3900 cm™' are shown in Fig. 6. These indi-
cate the presence of evaporating water, alcohol and phenol.
There was C—H stretching in the 2850-3200 cm ™' spectral
region. When the resulting volatile products were taken
into consideration, the peaks seen in this region belong to
CH,. As the temperature increased, the bands seen at
2250-2400 cm ™' revealed the presence of CO, gas [36].
The flexible C=0O vibration bands seen around
1900-1650 cm ™' were due to the presence of aldehydes
and ketones formed during the pyrolysis of tobacco waste
[22]. The (C-O) vibration band around 2250-2000 cm !
indicated the formation of carbon monoxide [37]. The C-H
and C-O stretching were bands seen around
1460-1370 cm ™" and 10501200 cm™" that supported the
presence of alkanes and alcohols, respectively [22].

Figure 7 presented the maximum rates of conversion of
tobacco waste samples as shown by the DTG curves
occurred at 285 and 323 °C for heating rates of 5 and
40 °C min~", respectively. When the 5 °C min~' (the
lowest) and 40 °C min ! (the highest) DTG curves were
examined, the IR spectrum corresponding to the Ty«
temperature is shown in Fig. 7. When Fig. 7 was exam-
ined, according to FT-IR spectra of TW pyrolyzed at
40 °C min~! and 323 °C, we were observing a violent CO,
wave. This peak was more intense than the peak of the CO,
group observed at 285 °C and 5 °C min~'. CH, and C=0
groups (unlike the other spectrum) were observed in FT-IR
spectra of TW at 40 °C min~' and 323 °C.

FT-IR characterization

The bio-oil from the pyrolysis of the tobacco waste at
600 °C was analyzed using FT-IR spectroscopy. The
classification of functional groups and compounds in the
structure of the bio-oil is listed in Table 2. When the bio-
oil spectrum in Fig. 1 was examined, the large peak at
3277 ecm ™' is O-H stretching vibration due to water.
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Fig. 4 Isoconversional plot for
determination of activation
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Table 4 Ex? mination of Biomass Average activation energy kJ mol ™' Method References
average activation energy of
different biomass in literature Tobacco waste 241.27 DAEM Present work
Cocoa bean shells 256.23 DAEM Goldfarb and Ceylan [33]
Corn stover 200.00 DAEM Zhang et al. [34]
Eucalyptus 198.58 DAEM Wang et al. [35]

The peaks at 3040 and 2925-2855 cm ™', respectively,
were C—H stretching vibrations in the structure of aromatic
and aliphatic hydrocarbons. The intensity peak of the C=0
asymmetric stretching vibration in the spectrum was
observed at 1590 cm™'. This peak showed the presence of
acid, aldehyde and ketone compounds and the functionality
of the acid compounds consistent with the results of the
GC-MS analysis presented in Table 3. Peaks at 1416 cm ™
indicated the C-H bending vibration of the aliphatic
hydrocarbons and confirm the C-H stretching vibrations
[22-27].

GC-MS characterization

GC-MS analysis was performed to determine the organic
compounds present in the bio-oil produced under pyrolysis
conditions. As can be seen in Fig. 8, the bio-oil produced
from tobacco waste was not a very complex mixture and
about 70 compounds were detected in the bio-oil product.
According to GC-MS results, 17 compounds with a total
area of more than 1% were identified and the results are
presented in Table 5. The bio-oil consisted of a mixture of
5-28 carbon organic compounds. The bio-oil product was
mainly composed of phenols, acids, alkanes and nitrogen-
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Fig. 6 a FT-IR spectra of TW (a)
pyrolyzed at 20 °C min~" at

b 195 °C, 300 °C, ¢ 388 °C,

633 °C
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(b)
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e}
<
0.002 |

—-0.003 «L‘

4000 3500

containing compounds such as pyridine and nicotine. It was
the most abundant nicotine compound with an area of
26.78%. Nicotine and nitrogen-containing compounds are
derived from thermal decomposition of the waste tobacco
biomass [11]. Compounds with the highest selectivity in
the produced bio-oil product, phenol (8.02%), limonene
(4.59%) and pentacosane (3.33%) were found to be nico-
tine (26.78%), respectively. These results showed that bio-
oil is consistent with FT-IR and 'H-NMR results.

As shown in the FT-IR results, C-H stretching
(3010-3040 cm_l) of the aromatic ring in the bio-oil
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structure was attributed to nicotine, limonene and phenol
molecules. The peaks observed at 2960-2870 cm ™" in the
FT-IR spectrum were attributed to alkane-type compounds
(eicosane, pentacosane and octacosane) determined by
GC-MS results. As a result, the presence of compounds
identified using GC-MS analysis was supported by FT-IR
analysis.
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Fig. 7 FT-IR spectra of TW 0.16 1 o )
pyrolyzed at 5 and 40 °C min~" s 40 °C min
at 285 °C, 323 °C e 5 °C min-1
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Fig. 8 GC-MS chromatogram of bio-oil obtained TW pyrolyzed at 600 °C for 20 °C min~"
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Table 5 Chemical composition

of bio-oil obtained at 600 °C for No Retention time/min Compounds Molecular formula Area/%

20 °C min™" 1 3.636 Phenol CHsOH 8.02
2 4.258 Limonene CioHie 4.59
3 4.421 Phenol C¢HsOH 1.26
4 4.636 Phenol, p-methylhydroxybenzene C¢HsOH, C;HgO 2.89
5 4917 Benzene CeHg 2.06
6 5.532 Phenol, 2,4-dimethylphenol C¢HsOH, CgH,,O 1.58
7 5.739 Phenol, 4-ethylphenol C¢HsOH, CgH;,O 3.16
8 8.199 Nicotine CioH4N> 26.78
9 9.140 Pyridine CsHsN 2.23
10 9.829 Pyridine, nicotyrine CsH;sN, CioH 0N, 1.52
11 13.769 Neophytadiene CyoHsg 1.54
12 15.251 Palmitic acid C,6H3,0, 1.86
13 23.096 Phenol C¢HsOH 1.22
14 23.392 5-Methylorotic acid CgHgN,Oy4 1.45
15 29.555 Eicosane CyoHaz 1.06
16 30.341 Octacosane CogHsg 1.01
17 30.807 Pentacosane C,sHs» 3.33

Fig. 9 '"H-NMR spectrum of
bio-oil obtained TW pyrolyzed
at 600 °C for 20 °C min~"

WU

|
lihe

TH-NMR characterization

In order to better evaluate the compound distribution of the
bio-oil obtained from pyrolysis of the tobacco waste,
analysis was carried out with "H NMR technology and the
location of the signal groups showed the proton

@ Springer
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distribution. The "H NMR spectrum of the bio-oil is shown
in Fig. 9. The signals detected at 0.5-1.5 ppm represent
aliphatic and aromatic protons bonded to carbon atoms.
The next 2-3.0 ppm region corresponded to protons in
carbonyl groups (CH3;C=0-, H-C—C=0) and protons in the
aromatic ring (CHs;—Ar, —-CH,-Ar, Ar—C-H). Peaks
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observed between 0.5 and 3 ppm were confirmed by GC—
MS and FT-IR results. The signal observed between 3 and
4 ppm represented protons of aliphatic alcohol (CH3;-O)
and heteroatom bound methyl (-CH3;—N) and GC-MS
confirmed the presence of the observed nicotine compound
with a peak of 26.78% at approximately 8 min. The sharp
signal in the 5-6 ppm region corresponds to the proton in
the methoxy or phenolic-OH groups [38].

"H-NMR analysis was used to support the presence of
phenolic compounds determined by GC-MS results,
because FT-IR analysis results were insufficient to deter-
mine the presence of phenolic compounds in bio-oil.
According to the results of "H-NMR analysis, the signal
observed between 5 and 6 ppm was attributing to the
compounds of phenolic-OH groups.

Thus, the presence of phenolic compounds that were
difficult to identify with the FT-IR analysis were identified
using '"H-NMR analysis. FT-IR analysis and 'H-NMR
analysis were used to identify the chemical composition of
bio-oil as well as GC-MS analysis, and the results were
found to be compatible with each other.

Conclusions

Thermal decomposition of TW was investigated to evalu-
ate its biofuel potential. Thermogravimetric data were used
in the analysis of kinetic parameters (E: 201.96-280.38 and
ko: 10"-10*°) through the DAEM. The maximum
decomposition of TW was occurred at relatively low
temperature (320 °C). TG-FT-IR analysis showed that
composition and quantity of the evolved gas products
effected by temperature and heating rate. Considered the
low moisture content and the high volatile matter ratio,
thermochemical conversion by pyrolysis was suitable pro-
cess for TW assessment. According to the results, it was
concluded that TW had a potential as a renewable fuel
source. For this reason, pyrolysis was carried out with a
reaction time of 2 h in the fixed-bed reactor at 600 °C and
pyrolysis liquid product was examined. When the GC-MS
chromatogram of the liquid product obtained from pyrol-
ysis of the tobacco was examined, it was seen that the
nicotine compound with the highest peak area (26.78%).
About 3—4 ppm of the methyl protons bound to nitrogen
atoms showed the presence of the nicotine compound in the
bio-oil structure. At the same time, the aromatic C-H
stretching observed at 3040 cm™" in the FT-IR spectrum
showed aromatic cyclic compounds were presenting the
structure. The nicotine compound was only one of these
aromatic ring compounds. As a result, bio-oil produced
from the pyrolysis of the tobacco in the waste state could
be used as a fuel because of the presence of aliphatic and

aromatic hydrocarbons and chemically valuable chemicals
(for example, nicotine) had been produced.
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