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ABSTRACT

This study analyzed the composition of actual bio-oils produced by fast
pyrolysis of jatropha and compared these with model bio-oils prepared based
on typical biomass as reported in the literature. Bio-oils were found to consist
primarily of organic acids, phenols, ketones, and alcohols, which were modeled
using acetic acid, phenol, acetone, and ethanol, respectively. Properties of both
the real and model bio-oils were subsequently characterized. While the phy
sico-chemical characteristics of these bio-oils varied widely, long chain acids,
such as oleic and palmitic acids, accounted for over 70%. Real bio-oils had
higher energy content, density, viscosity, acidity, and flash and pour points than
the model oils, because of the variety of large and heavy molecules present in
the real bio-oils compared to the light compounds were used to represent the
model oils.
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INTRODUCTION

Biomass offers an abundant and environmentally friendly source of clean
energy that can help mitigate greenhouse gas emissions (Chen et al., 2014). For
liquid fuel production, Biomass can be converted to liquid fuel in a number of
ways (Bridgwater, 2012), with fast pyrolysis a promising one (Pattiya et al., 2007,
Jaroenkhasemmeesuk; Tippayawong, 2015).

Fast pyrolysis is a thermal decomposition process occurring in a continuous
flow system in the absence of oxygen (Laird et al., 2009). Bio-oil is the main
product from fast pyrolysis. Direct applications of bio-oils are mainly limited by
their high viscosity, high water and ash content, low heating value, instability, and
high corrosiveness (Xui and Shahbaz, 2012). The unfavorable properties of bio-
oils are caused by a complex mixture of water and various organic compounds,
such as carboxylic acid, phenols, ketones, aldehydes, alcohols, and oxygenated
oligomers that can react with themselves to form larger molecules. The properties
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and portion of each compound in bio-oils depend on biomass type and pyrolysis

conditions, as shown in Table 1.

Table 1. Characteristics of bio-oils from fast pyrolysis of various biomass feed-
stocks compared to petroleum.

Biomass hlfliscl:s sl::;:v Cornstalks Wood Petroleum
Study a b c d e
Pyrolysis temp (°C) 500-600 450 480 450-600 -
Chemical composition Y%area Y%area Y%area Y%owt -
Acids 2.5-14.8 3.1 26.2 422 -
Phenols 17.6-18.6 7.5 17.4 11.5 -
Ketones 12.8-36.3 38.0 10.2 23.2 -
Aldehydes 1.7-10.0 3.0 3.9 11.1 -
Alcohols 2.1 8.1 - 4.0 -
Furans 13.3 11.4 - - -
Physical properties
pH 2.6-3.2 3.8 2.2-3.1 -
TAN (mgkon/goil) 454 - - 90.3 -
Density (kg/m?) 1130-1240 - 1150 1200-1240 <980
Viscosity (cSt) 12.4-97.2%* - - 5.2-12.0%* 20.0-200.0%**
HHV (MJ/kg) 9.5-17.4 - 13.9 14.0 -17.4 40.0
Flash point (°C) - - - 62-95 <130
Pour point (°C) - - - -19 to -24 -

Note: *at 40°C, ** at 80°C, a = (Zhang et al., 2006; Tang, 2009; Song et al., 2010; Fukuda, 2015),
b = (Fukuda, 2015), ¢ = (Cui et al., 2010), d = (Oasmaa and Czernik, 1999; Xu et al., 2009; Xu et
al., 2012 Tanneru et al., 2014; Zhang et al., 2015), e = (Chen et al., 2014)

To overcome these disadvantages, the physical and chemical properties of
bio-oils must be improved, with a number of techniques having been proposed,
including hydrogenation, hydrodeoxygenation, catalytic hydrocracking, catalytic
steam reforming, and catalytic esterification (Zhang et al., 2013). To study the
mechanisms of these techniques, many studies have utilized model compounds
by synthesizing chemicals to represent the oxygenated compounds (such as acids,
alcohols, ketones, aldehydes, and phenols) in bio-oils, as shown in Table 2.
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Table 2. Example compositions of model bio-oils used in some upgrading studies.

Process Esterification Co-cracking Steam reform-  Aqueous-phase
ing processing
Study Guo et al., 2009 Wang et al., 2015 Xie et al., 2015 Fu et al,, 2014
Acids Acetic acid Acetic acid Acetic acid Propanoic acid
(10%) (12.5%) (25%)
Propanoic acid
(5%)
Aldehydes Furfural (5%) - - Furfural 2-5
Vanillin (5%)
Ketones Hydroxy acetone Hydroxy acetone Acetone (25%) Hydroxy acetone
(4%) (15%)
Alcohols Ethanol (9%) Ethanol (65%) Ethanol (25%) Propylene glycol
1,2 propanol
Phenols Phenol (62%) Phenol (2%)
Guaiacol (3%) Phenol (25%) -
Water - - - Water (20%)

Few in the literature have reported on the characterization of mixtures of
model compounds, nor compared their representative bio-oils against real bio-oils.
Hence, the objective of this work was to explore and compare the properties of real
bio-oils produced by pyrolysis with model bio-oils. Bio-oils from fast pyrolysis
of jatropha cake and wood (pine), as well as their representative model bio-oils
were analyzed. Their characteristics based on chemical and physical properties
were compared and discussed.

MATERIAL AND METHODS

Materials

Real bio-oils from jatropha cake were used in this study. They were pro-
vided by the Thailand Institute of Scientific and Technological Research. They
were produced from fast pyrolysis of jatropha cake in a circulating fluidized bed
pyrolyzer at 500°C.

For model compounds, acetic acid, phenol, ketone, ethanol (analytical
reagent grade), and 0.1 phenolphthalein solution in ethanol were obtained from
Vechavit Part., Ltd. Potassium hydroxide (85% analytical reagent grade), isopropyl
alcohol (99.8%) and toluene (99.5% analytical reagent grade) were purchased
from RCI Labscan Co., Ltd.

Preparation of model bio-oils

Two model oils were prepared, one with similar composition to real bio-
oil from fast pyrolysis of jatropha cake with composition obtained from analysis,
and the other similar to real bio-oil of wood (pine) with composition information
obtained from the literature as shown in Table 3.
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The representative mixtures of both bio-oils were prepared based on the
compositions and types of compound for easy preparation. Acetic acid, phenol,
ethanol, and acetone were used to represent acids, phenols, alcohol, and other
compounds in real bio-oil, respectively.

Table 3. Composition of bio-oil from pine wood (Zhang et al., 2015).

Component Content Component Content

(%) (%)

Acids Alcohol

Acetic acid (C2) 35.93 1,2-Ethanediol (C2) 4.04

Propanoic acid (C3) 3.35 Phenols

Butanoic acid, 4-hydroxy- (C4) 1.19 Phenol (C6) 3.65

Acetic acid, hydroxy- (C2) 1.72 Phenol, 2-methyl- (C7) 1.60

Aldehyde Phenol, 3-methyl- (C7) 1.71

Acetaldehyde, hydroxy- (C2) 8.41 Phenol, 4-methyl- (C7) 2.14

Furfural (C5) 1.72 Phenol, 2-methoxy- (C7) 0.69

5-hydroxymethyl-2-Furancarboxal- 0.98 Hydroquinone (C6) 1.76

dehyde (C6)

Ketone Others

2-Propanone, 1-hydroxy- (C3) 18.15 Propylene oxide (C3) 1.69

1-Hydroxy-2-butanone (C4) 0.82 1,2-Epoxy-3-propyl 1.72

5-Hydroxymethyldihydrofuran 1.32 acetate (C5)

-2-one (C5) 1,4:3,6-Dianhydro- 0.83

2-Cyclopenten-1-one (C5) 1.36 alpha-d-glucopyranose (C6)

3-methyl-1,2-Cyclopentanedione 1.59 2-Propanamine (C3) 1.02

(Co)

Characterization of bio-oils

The compositions and relative concentrations of bio-oil constituents from
jatropha cake were analyzed by gas chromatography - mass spectrometry (GC-MS;
GC Algilent 7890A, MSD Algilent 5975C). The NIST and Wiley mass spectral
libraries were used to identify the chemical compounds. The chromatographic
separation was carried out using a DB5-MS column (30 m x 0.25 mm x 0.5 um
film thickness). The injector and detector temperatures were set at 250 and 280°C,
respectively. The column temperature was programed from 40°C (hold for 5 min)
to 280°C (hold for 10 min) at a heating rate of 10°C/min.

The physical properties of real bio-oil from jatropha cake and model bio-oils
were analyzed by property-specific methods. The calorific value was measured
using an oxygen bomb calorimeter based on ASTM D8409 standard. The viscosity
was determined by Saybolt viscometer based on ASTM D88. The pH value was
measured using a pH meter. The flash point was determined by Pensky-Marten
closed cup (ASTM D3828). The pour point and density were measured following
ASTM D79 and D369. The acid number was determined, following ASTM D974
with modification by using 0.34M of KOH in isopropyl alcohol and phenolphtha-
lein for the indicator. They were subsequently used to compare with the physical
properties of real bio-oil produced to simulate the composition of wood (pine)
bio-oil obtained from the literature.
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RESULTS

The components of bio-oil from jatropha cake analyzed by GC-MS are
shown in Figure 1 and the identification of peaks from the chromatogram are
summarized in Table 4.

Compositions of the bio-oil from jatropha cake pyrolysis included com-
plicated compounds — mainly acids, phenols, and amides —as well as a small
amount of other compounds. Acids were the most abundant in bio-oil, comprising
octadec-9-enoic acid and n-hexadecanoic acid.
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Figure 1. Typical GC-MS result of bio-oil from jatropha cake.
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Table 4. Identification of peaks from GC/MS result and composition of bio-oil
from jatropha cake produced by fast pyrolysis.

Peak Component Content Peak Component Content
No. (%) No. (%)
1 Phenol, Sodium phenoxide 1.31 18  n-Hexadecanoic acid 13.87
(C6) (C16)
2 Phenol, 2-methyl- (C7) 0.68 19 n-Hexadecanoic acid 0.13
(C16)
3 Phenol, 4-methyl- (C70 241 20 Eicosane (C20) 0.50
4 1-Nonene (C9) 0.45 21 Heptadecane (C17) 0.62
5 Phenol, 4-ethyl- (C8) 0.6 22 Oleanitrile (C18) 0.25
6 1-dodecene (C12) 0.42 23 Methyl 11-octadecenoate 1.45
(C22)
7 1,2-benzenediol (C6) 2.78 24 14-.Beta.-H-Pregna (C21) 0.49
8 1,2-Benzenediol, 3-meth- 0.69 25  Octadecanoic acid, Mthyl 0.34
yl- (C7) ester (C19)
9 1,2-benzenediol, 4-methyl- 2.17 26  Octadec-9-enoic acid 54.64
((o9))] (C18)
10 1H-Indole (C8) 0.72 27 (9E)-9-Octadecenoic acid 2.77
(C18)
11 1,3-Benzenedoil, 4-ehtyl- 1.48 28  Tetradecanamide (C14) 1.75
(C7)
12 1H-Indole,3-methyl- (C9) 0.93 29 Unknown 0.76
13 Heptadecane (C17) 0.73 30  4-(4-Ethylcyclohex- 0.17
yl)-1-Pentyl-1-Cyclohex-
ene (C19)
14 Octadecane (C18) 0.43 31  9-Octadecenamide (C18) 2.56
15  Nonadecane (C19) 1.02 32 Oleic acid amide (C18) 0.60
16  Methyl 14 Methylpentade- 0.48 33 Octadecanamide (C18) 1.06
canoate(C17)
17  1-Butyl-2-Ethyloctahy- 0.76

dro-4,7-Epoxy-1H-In-
den-5-01 (C15)

The components of the prepared model oils were obtained and compared
with the data of the real bio-oils as shown in Table 5. Model bio-oil for jatropha
cake was composed of acetic acid, phenol, and ketone to represent acids, phenols
and other compounds in real bio-oil. Model bio-oil for wood (pine) contained
acetic acid, phenol, ketone, and ethanol.
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Table 5. Composition of real and model bio-oils.

Composition Jatropha cake Wood (pine)

(Wt%) Real bio-oil Model oil Real bio-oil* Model oil
Acids 71.4 70.0 422 45.0
Phenols 12.1 15.0 11.5 15.0
Ketones - 15.0 23.2 25.0
Alcohols - - 4.0 15.0
Aldehydes - - 11.1 -
Amides 6.0 - - -
Other 10.5 - 7.9 -

Note: *data derived from Zhang et al., 2015.

The properties of the real and model bio-oils are shown in Table 6. The
physical properties of bio-oil from jatropha cake differed from those of bio-oil
from typical biomass. Bio-oils from jatropha cake had higher HHV, density, vis-
cosity, and flash and pour points than the wood bio-oils. The pH of bio-oil from
jatropha cake was higher than the wood bio-oil, even though it has a high acid
content.

Table 6. Properties of real and model bio-oils.

X X Jatropha cake Wood (pine)
Physical properties
Real bio-oil Model oil Real bio-oil Model oil
pH 7.5 1.9 2.2-3.1 2.9
TAN (mgxon/Loi) 70.4 586.3 90.3 397.8
HHV MlJ/kg) 31.7 18.1 13.9-17.4 14.0
Viscosity (cSt @ 40°C) 191.9 1.3 5.2-12 0.7
Density (kg/m?) 1,040 996 1,200-1,250 940
Flash point (°C) 98 34 62-95 <25
Pour point (°C) 18 -11 -19 to -24 <-22
DISCUSSION

The compositions of real bio-oils from jatropha cake and typical bio-oil from
wood (pine) are shown in Tables 3 and 4. Both bio-oils have different percentages
and molecular weights of each main component due to largely different biomass
types. Bio-oils from jatropha cake contained long chain fatty acids, phenols,
amides, and other aromatic hydrocarbons. Fatty acids were the main component
of bio-oil; this was consistent with the findings of Sricharoenchaikul and Atong
(2009). The large molecules of fatty acids, amides, and other hydrocarbon com-
pounds may have been derived from decomposition of triglycerides oil in jatropha
cake (Kim et al., 2013), while the phenolic compounds present may have been
from decomposition of lignin (Kongkasawan et al., 2016). Bio-oils from wood
consisted of several compounds, including acids, phenols, aldehydes, alcohols, and
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small amounts of other compounds. Acid was the main component of the wood
bio-oil, with acetic acid dominating. It may have come from the decomposition
of hemicelluloses (Drzezdzon and Larcher, 2013).

Real and model bio-oils from jatropha cake appeared to have different mo-
lecular weight compounds in each functional group. Acids in real bio-oil contained
large molecules and high carbon number (C;4-C;g), whereas the model bio-oil had
smaller molecules (C,). Moreover, we used ketone in the model bio-oil to repre-
sent amides and other compounds that were not mentioned in the literature. For
typical biomass, such as wood, real and model bio-oils appeared to have similar
short chain compounds in each functional group, but real bio-oils still contained
more complex compounds.

The physical properties of the real and model bio-oils varied widely, as
shown in Table 4. Bio-oils from jatropha cake appeared to have higher HHYV,
viscosity, and flash and pour points than wood bio-oils, possibly due to long
chain compounds from decomposition of jatropha-based triglycerides, as well as
from degradation of lignocellulosic materials. The high acidity of wood bio-oil
resulted from its simple, short chain acids, whereas the bio-oil from jatropha cake
contained large molecular acids, hence showing high pH values.

The real bio-oils tended to have much higher energy content, viscosity, and
flash and pour points than the model oils, while their acid numbers were lower.
This was because the model bio-oils contained simple and lighter molecules than
the real ones. For similar percentage by weight, the model oils contained high
molar concentrations of acid. Differences in physical properties between real and
model bio-oils from jatropha cake were higher than those from wood (pine). This
was because model bio-oils from jatropha cake had simpler structured compounds
than real bio-oils, whereas model bio-oils from wood had similar structure to real
bio-oils from wood.

Bio-oils from various biomass types and pyrolysis conditions seemed to
have largely different physico-chemical characteristics. Bio-oils contained a va-
riety of complex, long chain and heavy compounds. Acids were found to be the
main constituent. Bio-oils from jatropha cake consisted of fatty acids, phenols,
amides, and other aromatic hydrocarbons. Fatty acid dominated (> 70 wt%), and
was comprised of octadec-9-enoic acid and n-hexadecanoic acid. The model bio-
oils with similar representative functional groups, but different molecular weights
of compounds to real bio-oils, also showed different physical properties because
of different structures of the compound. The model bio-oils prepared with sim-
ilar functional group compounds to real bio-oils still showed some differences
in physical properties, because real bio-oils had other complex compounds that
cannot be represented by simple model compounds.
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