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This study investigates the thermal decomposition behavior of cottonseed via TGA/FT-IR/MS and the
quantification/characterization of liquid products from fast pyrolysis. Thermal degradation of the biomass
sample has occurred in four steps, corresponding to the removal of moisture, decomposition of cel-
lulose, hemicellulose and lignin and it was completed at about 700°C. The main gaseous products
evolved were CO,, light hydrocarbons and H,O. For the fast pyrolysis experiments, particular investi-

Keywords: . gated process variables were temperature (400-700 °C), heating rate (5-700°Cmin~!) and nitrogen gas
;iés[:_pérlﬁl_yl\j;ss flow rate (100-800 cm? min~!). Maximum oil yield was attained at 500°C with a yield of 49.5% under
Cottonseed 200 cm® min~! nitrogen flow rate and at a heating rate of 300°C min~'. Bio-oil obtained at optimum con-
Bio-oil ditions are separated into its fractions by column chromatography. The oil and its sub-fractions were

characterized by elemental analysis, FT-IR, and GC/MS. The char was characterized with elemental anal-
ysis and FT-IR techniques. The aliphatic sub-fraction of the obtained bio-oil contains predominantly
straight chain of n-alkanes and alkenes. According to the chemical characterization, the bio-oil can be

utilized as conventional liquid fuels.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Today, most of the energy requirements of the developing
countries are provided by petroleum-related products. The scarcity
of conventional fuels, growing emissions of combustion generat-
ing pollutants and their increasing costs will make biomass as a
clean and renewable substitute for fossil fuels and it seems to be
the most promising source for producing economically competitive
liquid transportation oils [ 1-4]. Fast pyrolysis of biomass is a lead-
ing method for producing bio-oil which is the preferred product
due to its great potential as transport fuels and various advantages
such as low cost, high thermal efficiency, high calorific value, low
CO,, SOx and NOy emissions [5,6].

Turkey is a producer, processor and exporter of cotton (Gossyp-
ium hirsitum) and its products. The cotton plant is mainly composed
of fiber (35-40%) and seed (60%). Although cotton is being culti-
vated mainly for its fiber for textile industry, its seed is an important
raw material for oil production. However, particularly low rates of
seed oil content (17-24%) leads to the presence of a limited produc-
tion of edible cottonseed oil. Cotton is one of the most important
agricultural crops in Turkey. In 2011, cottonseed production was
estimated as 1.5 million tones with a yield of 282 kg/hectare. Due
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to having high calorific value, bio-fuel can be produced from the oil
seeds via pyrolysis, liquefaction or transesterification [7,8].

In the past decade, transesterification of cottonseed oil has gen-
erated significant interest [9-11]. However, this method mainly
consists of extraction, methanolysis and purification steps that
are time consuming and require expensive chemicals. Being a
one-step-easy thermochemical conversion method, fast pyrolysis
seems to be an advantageous method for synthetic fuel produc-
tion [12,13]. The bio-oil obtained from fast pyrolysis is typically a
complex mixture of oxygenated hydrocarbons with lower nitrogen
and sulfur compounds and therefore it can be used as a substitute
for fossil fuel for power generation or production of value added
chemicals [14]. In this context, this study covers the fast pyrolysis
of cottonseed under different conditions to investigate the proper
one to produce bio-oil with a high yield.

Many researchers have investigated the potential recovery of
fuels and chemicals from biomass and vegetable oils via pyroly-
sis in relation to process conditions. Oil from soybean [15], palm
tree [16], castor [17], and canola [18] were selected as raw mate-
rials for the production of diesel-like biofuels via pyrolysis. The
characterization of gas and liquid products were reported in these
studies and the formation of linear and cyclic paraffins, olefins,
aldehydes, ketones, and carboxylic acids were observed during
thermal decomposition [17]. The compositions of gaseous hydro-
carbon and gasoline produced through pyrolysis of cottonseed oil
with both equilibrium catalysts and silica sand was investigated in
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another study [19]. It was reported that reaction products such as
dry gas, liquefied petroleum gas and gasoline are heavily depend-
ent on the catalyst type and reaction conditions. Ozbay et al. [20]
studied cottonseed cake pyrolysis to determine the effects of reac-
tor geometry, pyrolysis atmosphere and pyrolysis temperature on
the product yields and chemical composition of the liquid product.
The maximum oil yield was attained under nitrogen atmosphere at
a pyrolysis temperature of 550 °C with a heating rate of 7°Cmin~!
in tubular reactor. Cottonseed cake pyrolysis was also studied by
Putun et al. [21] and the maximum oil yield was obtained as 24%
under static retort atmosphere whereas it reached a value 0f 29.68%
under N, atmosphere. They have reported the catalytic pyroly-
sis of cottonseed cake by selecting natural zeolite as the catalyst
under static and nitrogen atmospheres to investigate the effect
of catalyst-biomass ratio on product yields at 550°C. The maxi-
mum liquid yield obtained was 30.84% in the presence of natural
zeolite (20 wt.% of raw material) with a sweeping gas flow rate
of 100mLmin~!. In another work of Piitiin [22], cottonseed is
pyrolyzed in a tubular fixed-bed reactor under various sweeping
gas (Ny) flow rates at different pyrolysis temperatures with or
without catalyst (MgO) addition. In the non-catalytic work, they
obtained the maximum bio-oil yield as 48.30% at 550°C with a
sweeping gas flow rate of 200 mLmin~!. It was found that catalyst
addition decreased the quantity of bio-oil, yet increased the quality
of bio-oil in terms of calorific value, hydrocarbon distribution and
removal of oxygenated groups.

According to literature review, it is reported that pyrolysis
conditions and thermal decomposition behavior of the selected
biomass sample have great influences on product yields. Applica-
tion of thermogravimetric analysis (TGA) is a common technique
that is widely used to figure out the thermal decomposition behav-
ior and to study chemical kinetics of complex reactions occurring as
a result of pyrolysis of various biomass samples [23-28]. Recently,
the combination of TGA with Fourier Transform Infrared Spectrom-
eter (FT-IR) and Mass Spectrometer (MS) attracts attention for both
the determination of thermal degradation profiles and the detec-
tion of evolved gases during pyrolysis [29]. In literature there are
some studies including TGA-FTIR-MS analysis for biomass samples
such as lignin from prairie cord grass [27], pine wood waste [30],
cotton stalk [31]. On the other hand, there is limited information
about TGA-FTIR-MS analysis of cottonseed.

The objective of the present work is to produce bio-fuel from
cottonseed via thermal decomposition instead of using multi-step
methods and to optimize the bio-oil yield by changing different
parameters such as pyrolysis temperature, heating rate and nitro-
gen gas flow rate in a fixed bed tubular reactor. This paper also
presents the thermal decomposition behavior of cottonseed using
TGA-FTIR-MS to analyze the evolved gases. Furthermore, the char-
acterization of bio-oil obtained under appropriate conditions from
fast pyrolysis was investigated using column chromatography, ele-
mental analysis, FT-IR and GC/MS for composition.

2. Materials and methods
2.1. Properties of raw material

The cottonseed sample investigated in this study has been taken
from a farm around Antalya located in Mediterranean Sea region
in Southern part of Turkey. Prior to use, the sample was air-dried
and ground in a high-speed rotary cutting mill. The results for
proximate and component immiscible that were applied to the
ground, air dried cottonseed samples having average particle size of
0.92 mm were giveninTable 1. The feedstock moisture was found to
be as 4.61 wt.%. Low ash content of cottonseed makes it favorable as
a raw material, when compared with conventional fuels [32]. The

Table 1
Properties of cottonseed (wt.%).

Moisture 4.61
Ash 3.31
Volatile matter 79.47
Fixed carbon 12.61
Holocellulose 29.29
Lignin 14.29
Qil 17.00
Elemental composition
C 55.41
H 8.82
N 4.41
O (by difference) 31.36
Calorific value (M]/kg) 25.82

raw material consists of 29.29% hollocellulose, 14.29% lignin and
a significant amount of n-hexane solubles (17.00 wt.%). Ultimate
analysis was performed on cottonseed samples to determine the
elemental composition. With the known values of C, H, N, S and O
weight percentages and using Du-Long’s equation calorific value of
the raw material was calculated as 25.82 M] kg1 [32].

Thermal decomposition of cottonseed was studied with a
Setaram Labsys Thermogravimetric Analyser (TGA) coupled with
FT-IR (Thermo Nicolet IZ 10) and MS (Pfeiffer Omni Star). Simul-
taneous measurements were carried out using 100 L Al;O3
crucibles without lids in order to get the best possible heat transfer
between the thermocouples and crucibles. 104+ 0.5 mg of sample
was heated to the final temperature of 1000 °C with a heating rate
of 10°Cmin~! and nitrogen flow rate of 20 mLmin~!. FT-IR was
used for evolved gases analysis in the range of 4000-400cm™1!,
and hence the transfer line and gas cell was kept at constant tem-
peratures of 225 and 250°C to avoid condensation and secondary
reactions. For MS analysis evolved gases were scanned simulta-
neously for the selected m/z values. The capillary transfer line was
kept at 190°C and a Faraday type detector was used for multiple
ion detection (MID) scanning.

2.2. Pyrolysis experiments

For the determination of optimum conditions to convert
biomass to biofuels via thermal decomposition, three sets of exper-
iments were performed using a tubular reactor details of which
were given in one of our previous studies [33]. The 316 stainless
steel tubular reactor was 90 cm in height and has 2.5 cm internal
diameter. Sweeping gas (nitrogen) was introduced at the top of the
reactor and its flow rate was adjusted with arotameter. Heating rate
and pyrolysis temperature were controlled with a PID controller.

First set of experiments was performed to determine the effect
of the pyrolysis temperature on product yields. 5¢g of air-dried
sample was placed into the reactor and a sweeping gas flow rate
of 200 cm? min~! was controlled and measured with a rotameter.
The sample was heated with a heating rate of 300°Cmin~! up to
the selected final pyrolysis temperatures of either 400, 500, 550,
600, 700°C and held at that temperature for 10 min. The second
group of experiment was established to see the effect of heating
rate on the pyrolysis yields. These experiments were conducted
with five different heating rates (5, 100, 300, 500, 700°Cmin~1)
at a constant pyrolysis temperature of 500°C and sweeping gas
flow rate of 200cm3 min~!. The last group of experiments was
performed to determine the effect of sweeping gas flow rate on
bio-oil yield by taking into account the highest oil yields of the
previous experiments. Therefore, the experiments were carried
out to the final temperature of 500°C with a heating rate of
300°Cmin~! and a sweeping gas flow rate of either 100, 200, 400
or 800 cm? min~'. The volatile products obtained during thermal
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decomposition passed through three traps, which were kept at
about 0°C using an ice bath. The total liquid product including bio-
oil and water was condensed in ice cooled traps and recovered with
dichloromethane (DCM). Condensed water was formed not only as
aresult of the pyrolysis reactions but as a result of condensation of
moisture in the raw material. Water and bio-oil dissolved in DCM
are immiscible and hence they can be separated easily by a sep-
aration funnel. The bio-oil and solvent mixture was passed over
anhydrous sodium sulfate to make it water free and then the sol-
vent was removed in a rotary evaporator. The residual solid in the
reactor was weighed as char. The gas yield was calculated by taking
the difference. In this study, all the yields were expressed on a dry
and ash-free basis, and their values were taken as the average of at
least three experiments with an experimental error of £5%.

2.3. Characterization

Bio-oil obtained at the final temperature that gave maximum
oil yield was selected for characterization. The elemental composi-
tion and calorific value of the bio-oil was determined by Carlo Erba
1108 Elemental Analyzer and Du-Long’s equation, respectively. Liq-
uid column chromatography was applied to classify bio-oil into its
subfractions. 1.0 + 0.1 g of bio-oil was first separated into n-pentane
soluble and insoluble compounds (asphaltenes), of which the n-
pentane soluble compounds were further separated by adsorption
chromatography. The column used was packed with silica gel
70-230 mesh that was pre-treated at 600 °C for 8 h prior to use. The
column thatis 1.5 cmin diameter and 100 cm length was filled with
silica gel up to % of the total volume. n-Pentane soluble fraction was
then eluated successively with 200 mL of n-pentane, toluene and
methanol to produce aliphatic, aromatic, and polar subfractions,
respectively. Solvents of each fraction were removed by rotary
evaporator and sub-fractions were dried and weighed. The FT-IR
spectra of the oils and their aliphatic, aromatic and polar sub-
fractions were recorded using a Bruker Tensor 27 Model Fourier
Transform Infrared Spectrometer. GC/MS analysis of the bio-oil and
its aliphatic subfraction was performed using a Hewlett-Packard
6890 Model gas chromatograph equipped with a 5973 mass selec-
tive detector using HP 5-MS column by injecting 1 pL of sample
manually. For bio-oil analysis heating program was applied as fol-
lows: 3 minutes waiting at 40 °C, heating with a rate of 2°Cmin~!
till 280°C. The mass spectrometer was operated in a mass range of
0-300 amu. Interpretation of the compounds in the bio-oil and its
subfraction was tentatively made according to the results of on an
automatic library search (Wiley 275).

3. Results and discussion

Thermal decomposition of cottonseed was examined between
room temperature and 1000°C under inert atmosphere to inves-
tigate the degradation behavior and the composition of evolved
gases with the help of FT-IR and MS that were connected to TGA.
On the other hand, pyrolysis was carried out in three groups of
experiments to investigate the effect of pyrolysis conditions on the
product yields and to determine the pyrolysis conditions giving the
maximum bio-oil yield.

3.1. Thermal decomposition of cottonseed

TG and dTG curves for cottonseed is given in Fig. 1(a). From dTG
curve there can be seen four peaks at the different temperature
ranges. The first peak, around 90°C, is obviously responsible for
the moisture retained in the biomass. The following three peaks
are due to main decomposition reactions indicating the presence
of three major biomass constituents, namely hemicellulose, cellu-
lose and lignin and as well as the presence of significant amount

of oil in the cottonseed. The temperature at which decomposition
appears to start and end, and also shape of the curve depend upon
many factors such as heating rate, pyrolysis atmosphere, particle
size, initial amount and type of the biomass selected. It can be
seen from Fig. 1(a) that main decomposition with a weight loss
of 71.3% takes place between 157 and 553 °C and reaches a flat
platform around 700°C. The first derivative of the TG curve (dTG)
shows three decomposition steps with the maximum tempera-
tures of 266.23, 338.17,392.63 °C and this indicates that maximum
decomposition ends around 400 °C. According to this data, pyroly-
sis temperature is selected between 400 and 700 °C for the tubular
reactor experiments.

During the thermal decomposition of cottonseed under inert
atmosphere, evolved gases were detected via FT-IR and MS. Both
analysis methods are found to be in a consistency with each
other and the mass loss curve obtained from TGA. It is obvious
from Fig. 1(b) that when pyrolytic reactions start at about 200°C,
related products such as CO,, CO, CHy, H>0, ketones, aldehydes,
acids and other hydrocarbons are formed. Three dimensional FT-IR
data shows that C=0 stretching vibrations related with CO, (band
between 2210 and 2400 cm~!) has its maximum at 345 °C whereas
C—H stretching vibration band (2840-3061 cm~!), assigned to the
presence of hydrocarbon gases mainly CH4, has its maximum
absorbance at 460°C. H,O peaks (O—H stretching vibration band
between 3100 and 3500 cm~1) are seen in two sections indicating
(i) the moisture release from the biomass (temperatures between
85 and 140°C) and (ii) water formed as a result of many parallel
and consecutive reactions (temperatures between 185 and 330°C).
Carbonyl and C=C stretch vibration bands seen between 1850 and
1690 cm~! have two maximum peaks at temperatures of 290 and
353 °Cindicating the release of aldehydes and acids.

Functional group information about the evolved gases during
pyrolysis can be detected via FT-IR. However, mass spectroscopy
has an important role on the determination of exact composition.
Single ion current curves for the pyrolysis products obtained during
the heating process are given in Fig. 1(c). It can be observed from
the figure that intensive signals of the evolved gases appear within
the temperature range of 187 and 523 °C being in a consistency
with TGA measurements. Mass to charge ratio (m/z) of 44 is related
with carbon dioxide and its maximum value is obtained at 330°C.
Formation of methane can be confirmed by the m/z 16 and its peak
in Fig. 1 starts at 216°C where pyrolytic reactions mainly due to
the decomposition of cellulose and hemicellulose start. The forma-
tion of hydrocarbon gases such as C;Hs and CHO (m/z=29), C3Hs
(m/z=41 ), C3Hg and C,H,0 (m/z=42), C3H7 and CH3CO (m/z=43)
can be also identified from MS data.

3.2. Effect of pyrolysis temperature on product yields

Pyrolysis temperature plays an important role on product dis-
tribution. According to previous studies with different biomass
samples, it can be concluded that relatively low pyrolysis tem-
peratures around 400°C favor char formation, temperatures up
to 600°C maximize the production of bio-oils and temperatures
above 700°C maximize gaseous products while minimizing char
formation [34-37].

In this study, to determine the effect of pyrolysis tempera-
ture on pyrolysis products yields, the experiments were conducted
with a heating rate of 300°Cmin~!, sweeping gas flow rate of
200cm® min~! and at final temperatures of 400, 500, 550, 600,
700 °C. Results of the experiments are given in Fig. 2. As can be seen,
the char yield decreased from 31.20 to 18.60%, as the final pyroly-
sis temperature was raised from 400 to 700 °C. On the contrary, gas
yield increased from 16.70 to 38.40% with the same temperature
increase. While the oil yield was 39.7% at the pyrolysis temperature
of 400°C, it appeared to go through a maximum of 49.5% at the final



86

E. Apaydin-Varol et al. / Journal of Analytical and Applied Pyrolysis 105 (2014) 83-90

100+ 17.558% @ /r,_,_—r—/—%\'o
553.24°C |
157.24°C
80 t-1
90.21°C
~ 5 o, L /é\
g 60 71.283 % 2 g
5 £
= o)
40 35
266.23°C
201 1
338.17°C
0 100 200 300 400 500 600 700 800 900 1000
Sample Temperature (°C)
2.00E-11
b c
(b) © —m/z=44
0.10 1.60E-11
Absorbance i~
(Abs) 005 E120841
0.00 g
U8.00E-12
100 g
4.00E-12
Time (min) T
0.00E00 ‘ - ‘
03500 Wavenumbers (1/cm) 0 200 400 600 800 1000

Temperature (°C)

Fig. 1. TGA-FTIR-MS graphs for the thermal degradation of cottonseed (a) TG-dTG curves (b) 3d FT-IR spectra, (c) single ion current curves for the selected fragments.

temperature of 500°C. Then at the final pyrolysis temperature of
700°C, the oil yield decreased to 29.3%.

According to results from TGA experiments, the evolution
of volatiles ends at about 553°C at which bio-oil yield starts
decreasing in the tubular reactor. Two important peaks are
observed for CH4 and CO, in the TGA-MS data (Fig. 1(c)), the first
one being at 338°C, and the second one at 483 °C indicating that
selecting optimum pyrolysis temperature for the tubular reactor
experiments as 500 °C is in consistency with instrumental data.

3.3. Effect of heating rate on product yields

Slow pyrolysis, being the conventional one, favors char forma-
tion, whereas fast pyrolysis is preferred when bio-oil is the target
product. It is known that the yield of volatile matter increases with

60
50
40
9 —+—Char
- 30 .
g —a—Bio-oil
20 ——Water
10 w ——Gas
0

350 400 450 500 550 600 650 700 750
Temperature (°C)

Fig.2. Effectof pyrolysis temperature on product yields (heating rate: 300 °Cmin~";
N, flow rate: 200 cm3 min—').

increasing heating rate. The higher the heating rate, the less time
is available for tar cracking and consequently the more tar and less
char produced. Indeed, reduced heat and mass transfer limitations
result in higher oil yields at higher heating rates [12].

Fig. 3 shows the results of the second group of experiments that
were performed to distinguish the difference between slow and
fast pyrolysis on product yields. Referring the first set of experi-
ments, pyrolysis temperature was chosen as 500°C and nitrogen
gas flow rate was kept at 200 cm3 min~! during these experiments.
As expected, higher heating rates minimized char yields. For slow
pyrolysis (at 5°Cmin~!) bio-oil yield was achieved as 39.40% and
with an increase of about 26%, it reached its maximum value at
300°Cmin~!.Then, at the higher heating rates bio-oil yield showed
a decreasing tendency till to 41.80% at 700°Cmin~!. Increasing
the heating rate from 5 to 700 °Cmin~! caused a reduction of char

60
50
S —+—Char
) 30 5
::,.'3 0\\ | L —a—Bio-oil
I R
10 N ——Gas
0

0 100 200 300 400 500 600 700 800
Heating Rate (°C/min)

Fig. 3. Effect of heating rate on product yields (pyrolysis temperature: 500°C; N;
flow rate: 200 cm® min—1').
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Fig. 4. Effect of nitrogen gas flow rate on product yields (pyrolysis temperature:
500°C; heating rate: 300°C min~"').

yields from 26.60 to 21.10% and an increase of gas yields from 17.30
to 26.70%.

3.4. Effect of sweeping gas flow rate on product yields

The pyrolysis atmosphere can affect both the quantity and qual-
ity of all products. The use of inert gases is one of the major interest
in tubular reactors used in this type of processes as predicted in lit-
erature. In addition, nitrogen flow influence the residence time of
the vapour phase produced by pyrolysis and prevents the secondary
cracking reactions at vapour phase [35].

Sweeping gas flow rates of 100, 200, 400 and 800 cm? min~!
were tested on the cottonseed samples with a heating rate of
300°Cmin~! based on the second group of experiments. The prod-
uct yields of pyrolysis in relation to flow rate of sweeping gas are
given in Fig. 4. The bio-oil yield achieved at 100 cm?® min~! nitrogen
flow as 45.80%, reached a maximum value of 49.50%, when nitro-
gen flow rate was 200 cm® min~!. However, the further increase in
nitrogen flow rate reduced bio-oil yield. This unexpected decrease
could be explained by insufficient quenching during experiments.
Higher flow rates of sweeping gas caused short residence time for
pyrolytic vapors in the reactor leading maximum bio-oil yields.
Without a perfect quenching of thermally cracked pyrolysis vapors,
it could not be possible to reach higher bio-oil yields. As the
residence times are getting longer, secondary reactions such as
dehydration, decarboxylation and condensation will occur that are
responsible for higher char yields [35-37].

3.5. Characterization of bio-oil

Pyrolytic oils are complex mixtures consisting of organic com-
pounds from wide variety of chemical groups. They are in acidic
character within a pH range of 2.5 and 4.5 depending on the
raw material and pyrolysis conditions [38]. To characterize the
pyrolytic oil obtained at optimum conditions (temperature: 500 °C,
heating rate: 300°Cmin~!, N, flow rate: 200cm3 min~1), it was
separated into two fractions: n-pentane soluble and insolubles.
The n-pentane soluble material was further separated into three
fractions; aliphatics, aromatics and polars by adsorption chro-
matography. The results of the adsorption chromatography showed
that the pyrolysis oil consists of 67% n-pentane solubles (maltenes)
and the rest is asphaltenes. The aliphatic, aromatic, and polar frac-
tions of maltenes were 27.3, 26.3, and 46.4%, respectively.

The elemental compositions of bio-oil and its subfractions are
given in Table 2. As can be seen, carbon and hydrogen contents of
cottonseed bio-oil are higher than those of raw material. The aver-
age chemical composition of the fast pyrolysis oil is CHy ggNg.0700.1-
The significant decrease in oxygen content of the oil compared
to the original feedstock is important, because the high oxygen

content is not attractive for the production of transportation fuels.
The bio-oils from biomass usually contain higher proportion of oxy-
gen than fossil oil, and thus they are quite reactive and not as stable
as fossil fuels and their characteristics change rapidly during con-
densation and under storage conditions. Their utilization as fuels
or sources of chemical feedstock requires some form of upgrad-
ing to improve storage stability and heating value. As the bio-oil
from cottonseed has lower content of oxygen, it is more stable. And
also, almost free of sulfur of the bio-oil is quite promising for its
evaluation as fuel from environmental perspectives. On the other
hand, cottonseed contains upto 25 wt.% protein and the presence
of protein results in a higher nitrogen content in bio-oil and polar
subfraction [39]. As seen, aliphatic sub-fraction contains no oxy-
gen with a high amount of hydrogen content. Moreover, H/C ratio
of bio-oil and aliphatic sub-fraction are 1.88 and 1.86 respectively,
which are very close to that of gasoline [35].

The fast pyrolysis of biomass is complicated since the decompo-
sition represents a large number of reactions in parallel and series.
Different kinds of biomass possess different reactions in pyrolytic
process, which caused the complexity and variation in the composi-
tions of their bio-oils. Although bio-oils have various compositions,
one of the key properties of bio-oils for use as a diesel substitute
is its heating value [40]. Calorific value of raw material, bio-oil and
its chromatographic subfractions are given in Tables 1 and 2. When
calorific values of raw material and oil are compared, it can be seen
that fast pyrolysis of raw material provided better quality oil with
higher calorific value and H/C ratio. The heating value of bio-oil was
39.49 M] kg~1. This calorific value indicates that the energy content
of bio-oil was very close to those of the conventional liquid fuels
such as45.18 MJ kg~ for diesel and 42-43 M] kg~ for heavy fuel oil
[41,42]. Owing to its high calorific value, the bio-oil can be utilized
as fuels for various combustion systems in industry [43].

FT-IR is informative in the assignment of various functional
groups. Biomass pyrolysis oils contain a very wide range of complex
organic chemicals [44]. Results of FT-IR spectra of raw material,
bio-oil and its subfractions are shown in Table 3 and Fig. 5. The

Polar

el
A

Aromatic

Bio-oil

Transmission (%)

Cottonseed

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (1/cm)

Fig. 5. FT-IR spectra of raw material, bio-oil and its subfractions.
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Table 2
Elemental analysis results of the products (wt.%) and their empirical formulas (pyrolysis temperature: 500 °C; heating rate: 300 °Cmin~"'; N, flow rate: 200 cm? min~!).
Component Bio-oil Aliphatics Aromatics Polars
C 72.92 86.45 78.52 75.11
H 11.48 13.37 13.77 12.54
N 5.92 0.18 0.10 3.02
O (by difference) 9.68 0.000 7.61 9.33
Empirical formula CH1.88No0.0700.10 CH1.86No.002 CH2.1N0.00100.073 CH2No.03400.094
Calorific value (MJ/kg) 39.49 48.54 45.07 41.81

Table 3

Results of FT-IR spectra for raw material, bio-oil and its subfractions (pyrolysis temperature: 500 °C; heating rate: 300 °C min~'; N; flow rate: 200 cm® min~1).

Type of functional group Wavenumber (cm~1) Biomass Bio-oil Aliphatic fraction Aromatic fraction Polar fraction
OH stretch 3150-3500 3414 3207 - - -
Aromatic ring stretching 3095-3016 - - - - -
Uss® 2955-2885 2926 2926 2924 2919 2922
2954
A 2885-2845 2855 2855 2856 2850 2852
C=C stretch 1700-1400 1465 1413 1465 1411 1413
1545 1464 1464 1465
1639 1515 1546
Ketone bending 1715-1680 1711 1711 - 1707 -
8as© 1474-1465 - - - - -
8¢ 1389-1374 - 1378 1378 1377 1380
C—O ethers stretching 1264-1245 - - - - 1251
Bending vibration band of carbonyl groups 1172-1100 1163 - - - 1118

3 Asymmetrical C—H stretching vibration of aliphatic CH3 and CH,.
b Symmetrical C—H stretching vibration of aliphatic CH; and CH,.
¢ Scissoring bending vibration of aliphatic CH,.

4 Symmetrical C—H bending vibration of aliphatic CHs.

O—H stretching vibrations between 3200 and 3400cm~! indi-
cate the presence of phenols and alcohols. Fig. 5 shows that no
peak exists between these wave numbers for the aliphatic sub-
fraction of bio-oil, and this indicates that aliphatic sub-fraction
does not contain oxygenated compounds, and this result obtained
in the present study was also in a consistency with the results
of elemental and GC/MS analyses. The C—H stretching vibrations
between 2850 and 2925cm~! and C—H deformation vibrations
between 1410 and 1515cm~! indicate the presence of alkanes.
Moreover, the location of bending vibration of C—H groups at
1378 cm™! provides another evidence of the fact that this band is
very important for the detection of methyl groups in a given com-
pound. Carbonyl stretching absorptions cause the band at about
1710cm! in the spectrum. These include primary, secondary and

Table 4
Tentative identification of bio-oil compounds by GC-MS (pyrolysis temperature:
500 °C; heating rate: 300°Cmin~"; N, flow rate: 200 cm? min—').

Peak Retention Product Relative
num- time (min) area (%)
ber
1 4.48 Toluene 1.93
2 7.66 2-Furanmethanol 1.31
3 14.77 Phenol 1.56
4 17.41 Corylone 1.55
5 20.97 4-Methyl phenol 3.21
6 21.55 2-Methoxy phenol 0.75
7 26.17 Pentyl-benzene 1.08
8 29.64 1,2-Benzenediol 2.89
9 33.13 3-Methoxy-1,2-benzenediol 0.82
10 35.28 1H-indole 1.02
11 36.71 4-Vinyl-2-methoxy phenol 0.93
12 39.23 2,6-Dimethoxy phenol 1.53
13 41.99 Cyclododecane 0.89
14 4523 2-Methoxy-4-(2-propenyl) phenol 1.26
15 59.69 2,6-Dimethoxy-4-(2-propenyl) 0.76
phenol
16 73.43 Hexadecanoic acid 23.81
17 81.00; 81.41; 81.66  Octadecadienoic acid (linoleic acid)  39.54

tertiary alcohols such as methanol, propanol, butanol and furfuryl
alcohols, carboxylic acids, for example; formic, acetic, propionic,
benzoic hexadecanoic and octadecanoic acids and their deriva-
tives, ketones and aldehydes including acetaldehyde, benzadehyds,

Table 5
Identification and yield (area %) of aliphatic subfraction of bio-oil (pyrolysis tem-
perature: 500 °C; heating rate: 300°C min~"; N flow rate: 200 cm? min-1).

Peak number Retention Product Relative area
time (min) (%)

1 11.27 2-Dodecene 2.79
2 11.40 Dodecane 1.39
3 11.79 Cyclodecene 0.58
4 12.76 1-Tridecene 3.26
5 12.88 Tridecane 243
6 14.14 1-Tetradecene 8.11
7 14.24 Tetradecane 3.22
8 14.31 7-Tetradecene 0.52
9 14.98 1,11-Dodecadiene 0.63
10 15.52 Pentadecane 14.86
11 16.17 n-Nonylcyclohexane 1.24
12 16.42 6,8-Tetradecadiene 1.33
13 16.63 1-Hexadecene 2.93
14 16.76 3-Hexadecene 4.26
15 16.71 Hexadecane 1.96
16 17.67 8-Heptadecene 18.59
17 17.76 1-Heptadecene 4.93
18 17.84 Heptadecane 4.20
19 18.19 cis-2-Methyl-7-octadecene 3.38
20 18.48 6,9-Heptadecadiene 1.91
21 18.75 9-Octadecene 1.48
22 18.86 1-Octadecene 0.65
23 18.92 Octadecane 0.83
24 19.95 Nonadecane 0.80
25 20.94 Eicosane 1.64
26 21.87 Heneicosane 1.10
27 22.72 3-Eicosene 1.94
28 23.64 Tricosane 0.73
29 26.03 Docosane 0.68
Alkanes 35.05
Alkenes 57.28
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Fig. 6. GC-MS chromatogram of (a) bio-oil and (b) its aliphatic subfraction (peak numbers refer to tentative identification of the compounds listed in Tables 4 and 5).

acetone, pentanone, indanone and alkylated derivatives, phenol,
alkylated phenols and oxyphenols, etc.

Although many analytical techniques are required to obtain a
complete analysis of bio-oil, the most extensively used analyzing
method for pyrolysis oils is GC/MS. Fig. 6 shows the GC/MS spectra
of the bio-oil and its aliphatic sub-fraction. Peak identifications (for
the peaks having area percentages greater than 0.75) that were
achieved from Wiley 275 library are given in Table 4 for the bio-
oil. The major compounds with 22.9 and 38 area percentages are —
oic acids, mainly hexadecanoic and octadecadienoic (linoleic acid)
acids respectively, that are the proof of the presence of n-hexane
solubles in the raw material. In addition, aromatic hydrocarbons
such as phenolics, cresols and guaiacols are observed (Table 4).

The aliphatic subfraction consists of n-alkanes, alkenes and
branched hydrocarbons (Fig. 6). The majority of the linear chain
hydrocarbons were distributed in the range of C;,-Cyg, but the
intensive peaks can be considered as Cq1-Cig. In the spectrum
mostly doublet peaks were observed. The first ones belong to n-
alkenes and the second ones to n-alkane [45]. Table 5 gives the
identification of peaks, and their retention times. According to the
area percentages, it can be concluded that aliphatic subfraction is
consisted of 35.05% alkanes, and 57.28% alkenes. When compared
with standard diesel, it is obviously seen that the distribution of

hydrocarbons for aliphatic subfraction shows similarities with con-
ventional ones.

4. Conclusions

Studies on the TGA-FTIR-MS and fast pyrolysis of cottonseed and
characterization of the bio-oil obtained at optimum conditions are
given in this paper.

Thermal degradation characteristics and evolved gases during
pyrolysis of cottonseed were analyzed by TGA-FTIR-MS. It was
observed from TG and dTG curves that pyrolysis of cottonseed
occurred in four zones: (i) moisture evolution, (ii) hemicellulose
decomposition, (iii) cellulose and oil degradation, and (iv) lignin
decomposition. Pyrolysis reactions started at 190°C and further
decelerated at the temperatures higher than 553 °C. According to
consistent data obtained from FTIR and MS simultaneously, the
main gases evolved are detected to be water, carbon monoxide,
carbon dioxide and other light hydrocarbons and they were gener-
ated between 190 and 537 °C whereas, formation of methane lasts
for 678°C.

For the fast pyrolysis experiments, different pyrolytic conditions
on product yields were examined and characteristics were found
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similar to those in the TGA. Pyrolysis temperature was found to be
the most effective parameter among the others tried in this study.
Bio-oil yield increased with the increase in temperature and gave
a peak at 500°C with 49.5% where decomposition of cottonseed
was nearly completed. Sweeping gas flow rate has found to be less
effective on product yields, whereas formation of gaseous products
increase significantly at higher heating rates. In particular, it is rec-
ommend that when bio-oil production from cottonseed via one step
thermal conversion is aimed, following conditions should be cho-
sen to obtain maximum yields: final temperature of 500 °C, heating
rate of 300°Cmin~! and sweeping gas flow rate of 200 cm3 min—!.

The bio-oil pyrolyzed from cottonseed contains high amount of
oxygen. This unfavorable property was prevented by fractionating
it into chemical classes (aliphatic, olefinic and polar) by column
chromatography. The result of FT-IR for aliphatic subfraction is in
consistency with elemental analysis, confirming that this subfrac-
tion does not contain highly oxygenated compounds like standard
diesel. Further characterization of aliphatic subfraction with GC/MS
showed that aliphatic subfraction is a mixture of straight chain and
branched alkanes (37.96%) and alkenes (62.04%).

According to detailed characterization of oil, obtained bio-oil
and its aliphatic subfraction show similarities with currently uti-
lized transport fuels and can be considered as synthetic fuels.
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