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Due to looming demand for fossil fuels and environmental concerns over global warming, extensive attention has been 
given on the development of renewable energy. Biomass materials are used since millennia for meeting myriad human needs 
including energy and chemicals. In this study, co-pyrolysis characteristics of woody and grass type agricultural wastes, 
namely Borassus flabellifer and Cymbopogon flexuosus were studied in a fixed bed reactor to evaluate their potential use as 
source of bio-oil. The effects of operating parameters such as temperature, particle size and heating rate were investigated. 
In this co-pyrolysis process, the maximum yield of pyrolysis bio-oil 47.10 wt% can been obtained under the pyrolysis 
temperature of 500ºC, 1.0 mm particle size and at the heating rate of 30 ºC/min. The bio-oil product was analyzed for 
physical, elemental and chemical composition using Fourier transform infra-red (FTIR) spectroscopy and gas 
chromatography (GC). 
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Introduction 
Among various word wide energy resources, 

biomass has accomplished fourth ranks. Biomass is 
providing 35 percent of their energy need in 
developing nations and it is the most significant energy 
source.1 As a clean and alternative source of energy, 
biomass has gained increased attention because it is 
abundant, renewable, and readily available, and emits 
relatively low CO2 content.2 Numerous biomass 
feedstocks have been employed in the past ranging 
from agricultural wastes and residues to energy  
crops. Waste management through thermochemical 
conversion process is gaining increasing importance as 
larger volumes of solid waste are produced yearly.3 
Pyrolysis is the thermochemical process that converts 
biomass into bio-oil, char and non condensable gases. 
The liquid produced from pyrolysis is referred to as 
pyrolysis oil or bio-oil; it is a dark brown organic liquid 
and has the potential to produce hydrocarbons easily 
integrated into existing petroleum refineries as fuels  
for numerous applications.4 

Co-pyrolysis of biomass is a very effective method 
to produce the ideal synthetic liquid fuel.2 It is a 
process which involves two or more dissimilar 
materials as a feedstock. This technique has 
successfully improved the quantity and quality of the 
bio-oil without any improvement in the system as 
well as process.5 It has shown promise for industrial 
applications because of its attractive performance and 
cost ratios.6 Char or pyrolyzed charcoal is the 
secondary product during pyrolysis. It is a fine-
grained porous product. It is a main industrial fuel 
which can be used for the production of activated 
carbon and other value-added chemicals. Wood, 
agricultural crops and their residues are the common 
sources of biomass. Several reviews have focused on 
the co-pyrolysis of biomass using different types of 
reactors to produce liquid fuel.7,8 An excellent 
feedstock for co-pyrolysis is various kinds of 
biomass. Agricultural residues, harvested wood, forest 
residues, municipal and industrial waste, are the 
various types of biomass materials used for co-
pyrolysis process.9 A variety of product composition 
and yields can be achieved depending on the 
operating conditions of the process. The variations in 
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the composition of various biomasses also play a 
major role in the complexity of the final product 
obtained.10 As feedstock, co-pyrolysis uses two or 
more diverse materials and the operations are  
virtually identical to standard techniques of pyrolysis. 
In general, co-pyrolysis is performed under moderate 
operating pressure and temperature at oxygen-free 
conditions in a closed reactor system.11 Many 
researchers have identified and utilized different  
types of agricultural residues, wood residues 
Municipal solid wastes and dedicated energy crops  
for co-pyrolysis process. The feedstock includes  
pine cone, corn residues, sugarcane bagasse, beech 
wood, pine wood, firm sawdust, palm shell potato 
skin, rapeseed, switchgrass and sorghum, etc.5,12 
While numerous researches are carried out on  
wood as a fuel, there is some growing interest in  
fast growing plants like grasses. Grasses are local 
resources and can be supported with local economic 
models. One of the largest sources of biomass for 
agricultural residues in India is palmyra fruit bunch: 
Borassus flabellifer and lemon grass: Cymbopogon 
flexuosus. These are the two biomass samples native 
to the Indian subcontinents. Palmyra fruit bunch  
is the woody biomass obtained by removing the palm 
fruit from the black husk. The empty bunches are 
usually thrown away and is burnt in an open 
atmosphere. The open burning of these bunches has a 
cruel impact on the atmosphere. Lemon grass is 
widely cultivated in India. A massive grass type 
biomass available in the solid-waste form after 
retrieval of the oils from these grasses is mainly used 
for land-filling and a part is burnt to produce steam 
for stripping which is creating environmental 
problems.13 

The aforesaid literature parts confirmed the 
importance of co-pyrolysis process. There are a less 
number of existing researches in the field of co-
pyrolysis of woody and grass type biomass materials. 
Particularly no literature is availed in the combination 
of palmyra fruit bunch and lemon grass. In this study, 
the co-pyrolysis characteristics of Borassus flabellifer 
and Cymbopogon flexuosus were investigated. Fixed 
bed slow pyrolysis of the mixture of these two 
samples was carried out with different temperature 
ranges, different particle size and at different heating 
rate to examine their effect on pyrolysis yield. The 
physical and chemical properties of the bio-oil were 
analyzed in order to find out the suitable applications 
by FTIR Spectroscopy and GC-MS. 

Materials and Methods 
 

Materials 
The palm fruit bunches and lemon grass used in 

this study was sampled from Coimbatore, Tamilnadu, 
India. Equivalent amounts of woody and grass type 
biomass were blended with the ratio of 1:1 and 
experiments were conducted. The blend was prepared 
by manual mixing of these two waste samples. In 
order to remove the moisture content of the blend, it 
was dried in open sunlight for four weeks and further 
dried in a vacuum oven at 40ºC for 6 hours and stored 
in desiccators. The blended samples were ball milled 
to homogenize the composition to obtain four 
different sizes — 0.5, 0.75, 1.0 and 1.25 mm. The 
proximate and ultimate analysis of the sample is 
shown in Table 1 along with the protocol used for the 
analysis. The ultimate analysis of the biomass sample 
and char has been found by ASTM D5373 by using 
Vario EL-III (Germany) Elementar analyzer. Lignin, 
cellulose and hemicellulose content of the woody and 
grass biomass mixture were measured by using 
traditional wet chemistry method.14 From the 
component analysis, it has been clear that the biomass 
sample is environmental friendly due to its low 
fractions of nitrogen and sulfur. 
 

Table 1 — Proximate and ultimate analyses of the biomass 
mixture 

Parameters Biomass mixture Char Standard 

Proximate analysis in wt% 

Volatile matter 64.64 24.51 ASTM D3175 
Fixed Carbon 24.45 65.18 By difference 
Moisture Content 5.32 4.21 ASTM D3173 
Ash 5.59 6.10 ASTM D3174 

Ultimate analysis in wt% 

Carbon 43.46 56.60 ASTM D5373 
Hydrogen 5.01 5.13 ASTM D5373 
Nitrogen 1.10 5.04 ASTM D5373 
Oxygen 50.42 33.03 By difference 
Sulfur 0.01 0.20 ASTM D5373 
H/C molar ratio 1.3 1.079 — 
O/C molar ratio 0.871 0.438 — 
Empirical formula CH1.373N0.0217 

O0.871 
CH1.079N0.9.9

O0.438 
— 

Ligninocellulosic analysis in wt% 

Cellulose (± 0.05%) 19.43 — — 
Hemi-cellulose  
(± 0.05%) 

42.16 — — 

Lignin (± 0.05%) 38.41 — — 
dry ash basis 
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Reactor Setup 
The experiments were carried out in a laboratory 

scale fixed bed reactor described by Sowmya 
Dhanalakshmi and Madhu15 as shown in Fig. 1. The 
reactor consists of stainless tube of 100 mm inner 
diameter and 150 mm height was externally heated by 
an electrical furnace. Temperature of the reactor was 
measured by two K type thermocouples which were 
located at two different places inside the reactor. 100 
g of the sample with different particle sizes was 
placed inside the reactor per batch and the 
temperature was raised at different heating rates. The 
heating rate and process temperature were controlled 
by a PID controller. For the efficient conversion and 
to avoid heat loss, the outside of the reactor is well 
insulated with mineral wool and Chromel–Alumel. 
The reaction outcomes including volatile compounds, 
gas and fine charcoal were quenched by the condenser 
by the cooled water maintained at 0ºC. Experiments 
have been carried out in a temperature ranges from 
350 to 550ºC, under normal atmospheric pressure. 
The bio-oil condensed by the condenser was collected 
in a conical flask and weighed. The char was 
collected from the bottom of the reactor and weighed. 
The mass of the uncondensable during the reaction 
was found by the remaining material balance.  
 
Yield of biofuel (wt%)=  

  / /   

    
 x 100% 

 
Experimental Procedure 

Three set of experimental works has been carried 
out. Effect of pyrolysis temperature on the product 
yield has been analyzed first. For this purpose, the 
sample is heated to the temperature of 350, 400, 450, 
500, 550 ºC at the constant particle size of 0.75 mm 

and at the heating rate of 10 ºC/min. the biomass 
samples are heated and held for 25 min for the 
complete release of volatile products. The next groups 
of experiments are contacted with the different 
particle sizes of 0.5, 0.75, 1.0, 1.25 mm at the 
temperate of 500ºC and at the heating rate of 10 
ºC/min. Last set of experiments has been conducted to 
determine the effect of heating rate. For this the 
heating rate has been varied as 10, 20, 30 ºC/min at 
the optimum pyrolysis temperature of 500ºC and at 
the optimum particle size of 1.0 mm. Each experiment 
was conducted twice and the average was taken to 
consideration. The average yields are given within the 
error of less than ± 2 wt%. The present experimental 
conditions are given in Table 2. 
 
Characterization Methods 

The physical characterizations of the bio-oil were 
measured by using BROOKFIELD LV-DV-II Pro 
viscometer and Penskey Martein closed cup 
apparatus. By weighing known volume of the sample, 
the density of the oil was measured. Parr-6772 
calorimetric thermometer is used to measure the 
calorific value of the bio-oil. Digital pH meter was 
used for measuring the pH values of bio-oils. The 
component analysis of the bio-oil and char was 
measured by Elementar Vario EL-III Elementar 
instrumentations with WinWar software. Thermo MS 
DSQ II gas chromatograph (GC) used to find the 
various chemical components of the bio-oil. 
Separation of organic compounds was attained by the 
capillary column with the dimensions of HP-5, 30 m 
long × 0.25 mm diameter × 0.25 µm. During this 
analysis Helium was used as a carrier gas with the 
flow rate of 10 ml/min. The dehydrated liquid product 
was diluted with diethyl ether to provide the 

 
 

Fig. 1 — Reactor setup 

 

Table 2 — Experimental conditions 

Case Temperature in  
°C 

Particle size in  
mm 

Heating rate in  
°C/min 

Run 1 350 0.75 10 
Run 2 400 0.75 10 
Run 3 450 0.75 10 
Run 4 500 0.75 10 
Run 5 550 0.75 10 
Run 6 500 0.5 10 
Run 7 500 0.75 10 
Run 8 500 1.0 10 
Run 9 500 1.25 10 

Run 10 500 1.0 10 
Run 11 500 1.0 20 
Run 12 500 1.0 30 
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appropriate concentration. Initially the temperature of 
the oven was set to 25°C for 2 min, thereafter it was 
increased to 200°C with the interval of 10°C and 
remained for 15 min and finally it was increased to 
350°C and remained for 10 min. Injections were 
carried out in split stage by using a ratio of 1:10 and 
the injection temperature portions was 250°C. NIST 
library G1035A software was preferred in data 
accomplishment system. 
 
Results and discussion 
 

Effect of Temperature on Product Yield 
In pyrolysis, biomass material undergoes end to 

end crucial and minor reactions relating heat and mass 
transfer mechanism. The main function of the 
temperature during pyrolysis is to provide the 
necessary heat for the decomposition of the biomass. 
Due to the additional energy obtainable to break the 
biomass bonds, the biomass conversion increases with 
increasing temperature. The effect of process 
temperature on the product yields: bio-oil, char and 
gas is shown in Fig. 2. The experiments were 
conducted by varying the temperature values. 
Observably the optimum temperature for maximum 
bio-oil is in the range of 500ºC. The yield of bio-oil 
increases from 30.35 wt% to 40.50 wt% when the 
temperature is increased from 350 to 550 ºC. On the 
other side the char yield decreases from 40.48 wt% to 
20.54 wt% and the yield of gas increases from 29.17 
wt% to 38.96 wt%. At the temperature of < 350°C, 
the biomass decomposition mainly takes place at 
heteroatom within the structure which results in 
production of char.16,17 When the temperature reaches 
about 550°C, huge breakup of biomass species cause 
the high molecular disordering, producing many types 
of compounds.18 At the lower temperature, the 

conversion efficiency of biomass into bio-oil 
remained very low and enormous conversion of 
biomass to its fragments occurs within the range of 
400–500ºC.19 Due to the availability of additional 
energy inputs to break the biomass structure, the 
conversion efficiency increases with increase in 
temperature. Due to strong cracking, at the pyrolysis 
temperature of 500°C the yield of bio-oil passes 
through a maximum of 42.46 wt%. When the 
temperature went beyond 500°C, the yield of bio-oil 
decreased to 40.50 wt%. This is due to the formation 
of secondary cracking reactions of the pyrolysis 
vapor. At elevated temperature, the secondary 
decomposition of the bio-char could produce non-
condensable gases contributing an increase in gaseous 
products.20,21 

Effect of particle size on product yield 
Depending upon the type of biomass and type of 

pyrolyser, the useful size of the biomass particles may 
vary. The yield of bio-oil, char and gas during 
pyrolysis by changing its particle sizes are represented 
Fig. 3. The effect of particle size on yield can be 
explained by the conductivity of the biomass samples. 
During pyrolysis, biomass being poor thermal 
conductor poses heat transfer difficulties. The size of 
the biomass is considered important on the yield of 
biofuel products.22 In this study, the yield of bio-oil is 
considerably increases as the particle size is increased 
from 0.5 mm to 1.0 mm. The study found that the bio-
oil yield increases from 39.32 wt% to 45.54 wt% and 
the char and gas yield decreases from 24.48 wt% to 
21.93 wt% and 36.20 wt% to 32.50 wt% respectively 
when the particle size is increased from 0.5 mm to 1.0 
mm. Further increases of particle size from 1.0 mm to 
1.25 mm, leads to decrease of the bio-oil yield to 
43.36 wt%. The particles with smaller diameter can 

 
 

Fig. 2 — Effect of temperature on yield products 

 
 

Fig. 3 — Yield of pyrolysis products at difference particle size 
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be heat up uniformly than larger particles. The poor 
heat transfer of the larger particles will guide to yield 
lower bio-oil.23 From this study, it has been noted that 
particle size of 1.0 mm seems to be good for the 
production of higher bio-oil yield. Biomass structure 
is another important factor to clarify the product 
distributions. The structure of the cell may affect the 
process behavior, such as the release of alkaline earth 
metallic species.24 Based on these results particle size 
has significant parameter during pyrolysis product 
distributions.  
 
Effect of Heating Rate on Product Yield 

The type of decomposition product during 
pyrolysis is also defined by the rate of biomass 
heating. Various researchers conducted the effect of 
heating rate on the yield of bio-oil during pyrolysis.25 
To determine the effect of heating rate, the pyrolysis 
experiments of mixed biomass were conducted at 
different heating rates of 10, 20, 30 ºC/min with the 
constant pyrolysis temperature of 500ºC and at the 
particle size of 1.0 mm. The bio-oil yield is low at 
lower heating rate and increases with the increase of 
heating rate. At lower heating rate of 10 ºC/min, the 
bio-oil yield is 45.54 wt% and increases to the value 
of 47.10 wt% at the heating rate of 30 ºC/min. At 
higher heating rates, high bio-oil yield mainly be 
obliged to short time available for secondary reactions 
such as tar cracking and repolymerization. However, 
the higher heating rates always favour the formation 
of higher gas yield.26 Rapid heating of the biomass 
reduces the heat and mass transfer limitations. It 
improves quantity of the volatiles by fast endothermic 
decompositions and minimizes the time for secondary 
reactions yielding lower char yield.27 In this study, the 
char yield is found to decrease from 21.93 wt% to 
19.31 wt% when the heating rate is increased from 10 
ºC/min to 30 ºC/min. The maximum bio-oil yield of 
47.10 wt% was obtained at the heating rate of 30 
ºC/min, whereas the maximum gas yield of 33.59 
wt% was also obtained at the heating rate of 30 
ºC/min. The maximum char yield about 40.48 wt% 
was obtained at the lower temperature of 350ºC, 
particle size of 0.75 mm and hating rate of 10 ºC/min. 
The effect of heating rate on pyrolysis yields is shown 
in Fig. 4.  
 
Product Characterization 
 

Physical Properties of the Bio-oil 
The obtained bio-oil from this study is highly 

oxygenated with oxygen content of 38.3 wt%. The 

density and viscosity of the bio-oil was measured as 
1005 kg/m3 and 7.52 cSt respectively. The root 
difference between bio-oil and hydrocarbon fuels is 
the presence of oxygen. Bio-oil usually has an oxygen 
content of between 35 and 45 %; it is distributed in 
more than 300 compounds and continues to change 
according to the source materials as well as the 
pyrolysis conditions. The high number and 
concentration of oxygen compounds decreases the 
energy density to less than half the conventional fossil 
fuel standard.28 It leads to several direct combustion 
problems, such as instability, low heating value, and 
high corrosivity. The density and viscosity of the bio-
oil are related to the ability to flow. The flash point of 
the bio-oil is about 150ºC indicates that it can be 
stored safely at room temperature. The pH value of 
the bio-oil is 3.4 which is also reliable. The low pH 
value of the bio-oil point out the presence of acidic 
compounds and it has to be treated before used for the 
specific applications. The lower pH value often 
aggravates corrosiveness issues, which can contribute 
to higher costs of storage and transport.29 It may be 
corrosive to steel, aluminum and nickel based 
materials. The ash content of the bio-oil is less than 
0.1 wt%. The calorific value of the bio-oil is 22.52 
MJ/kg which is half the value of the diesel fuels. The 
comparison of various physical properties of the bio-
oil and total available chemical compounds present in 
the bio-oil and diesel fuel are shown in Table 3. 
 
Chemical Characterization of the Bio-oil 

The chemical composition of the derived bio-oil 
sample was determined through FTIR and GC 
analyses. FTIR analysis is a great tool for identifying 
chemical compositions. It is an analytical technique 
used to identify organic, polymeric and inorganic 

 
 

Fig. 4 — Influence of heating rate on pyrolysis yields 
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materials. This method uses infrared light to scan bio-
oil sample and observe chemical properties and then 
the absorbed radiation is converted into rotational 
and/or vibrational energy by the sample 
molecules. The FTIR spectra of the bio-oil sample is 
shown in Fig. 5 and the absorbance peaks observed in 
the spectra were listed in Table 4. The OH-stretching, 
free hydroxyl between 3640 and 3610 cm-1, OH- 
stretch, H–bonded between 3500 and 3200 cm-1 
indicates the presence of alcohols and phenols. The 
C=C stretching vibration between 1675 and 1575 cm-1 
indicates the presence of Alkanes and aromatics. The 
absorbance peak between 1500 and 1400 cm-1 
represents C-C stretching (in-ring) indicative of 
aromatics. The C-H deformation bending between 
1445 and 1405 cm-1 indicates the presence of alkanes 
group in bio-oil. The skeletal vibration representing 
the presence of cyclopropanes in the bio-oil appears 
between 1060 and 1000 cm-1. The C–Cl stretch 
representing alkyl halides appears between 850 and 
550 cm-1. 

The GC analysis shows the various chemical 
compositions present in the bio-oil. These 
components are identified with increase in retention 
time. The most abundant components are phenolics 
and other aromatic compounds.33 Cellulose and 
hemicelluloses are the major components of the 
feedstock material as they are the sources of these 
aromatic and oxygenated compounds.34 Different 
types of compounds such as normal phenols, alkanes, 
alkenes, fatty acids, esters were identified. Phenol and 
its compounds were identified as having the total area 
percentages of 28.09. This is used as an intermediate 
for industrial synthesis. Phenol is used as a versatile 

precursor for many herbicides and pharmaceutical 
drugs.35,36 It also used in the synthesis of anti-oxidant 
compounds. The main uses of phenol, consuming two 
thirds of its production, involve its conversion to 
precursors for plastics. Asarone is a chemical 
compounds identified with the bio oil with the area 
percentage of 4.53. It is a chemical compound of the 
phenylpropanoid class found in various plants such as 
Acorus and Asarum. The main clinical symptom of 

 
 

Table 3 — Physical properties of bio-oil 

Property Value Neem bark30 Hard wood31 Diesel32 Method Unit 

Density 1005 1015 1220 780 at 15°C ASTM D1298 kg/m3 
Viscosity 7.52 8.1 13 1.3–3.3 at 50°C ASTM D2161 cSt 
Flash point 150 155 66 75 ASTM D93 ᵒC 
pH 3.4 3.7 # — — — 
Carbon 53.36 48.82 55.5 86.58 ASTM 5375 wt% 
Hydrogen 8.2 9.1 6.7 13.23 ASTM 5375 wt% 
Nitrogen 0.41 0.84 0.1 65 ppm ASTM 5375 wt% 
Oxygena 38.3 0.23 0.0 0.01 By difference wt% 
Sulfur 0.1 41.01 37.7 0.11 IS4668 wt% 
H/C molar ratio 1.833 2.223 # # # — 
O/C molar ratio  0.538 0.630 # # # — 
Empirical formula CH1.83N0.016O0.538 CH2.22N0.014O0.63 # # # — 
Heating value 22.52 22.7 17.5 45–46 ASTM D5468-02 MJ/kg 
aBy difference #-Not reported 
  

Table 4 — The FTIR functional group and the indicated 
compounds of the bio-oil 

Frequency 
Range (cm-1) 

Group Class of  
compounds 

3640–3610 OH-stretch, free hydroxyl alcohols, phenols 
3500–3200 OH- stretch, H–bonded alcohols, phenols 
1675–1575 C=C stretching vibration Alkanes and aromatics 
1500–1400 C–C stretch (in–ring)  aromatics 
1445–1405 C–H deformation bending Alkane groups 
1060–1000 Skeletal vibration Cyclopropanes 
850–550 C–Cl stretch alkyl halides 
 

 
 

Fig. 5 — FTIR Spectra of the bio-oil 
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asarone is extended vomiting that sometimes lasted 
more than 15 hours. Asarone is not metabolized to 
trimethoxyamphetamine as has been asserted by 
online vendors. 4-aminophenol was identified with 
the area percentage of 4.33. It is the organic 
compound typically available as a white powder. It 
was commonly used as a developer for black-and-
white film. 4-Aminophenol is a building block used in 
organic chemistry. It is the final intermediate in the 
industrial synthesis of paracetamol. Treating 4-
aminophenol with acetic anhydride gives 
paracetamol. One of the other compounds identified 
in the bio-oil is D-Allose. It is an aldohexose sugar. It 
is a rare monosaccharide that occurs in the leaves of 
the African plants. It is soluble in water and 
practically insoluble in methanol. The various 
chemical compounds present in the bio-oil identified 
by GC are given in Table 5. 
 
Conclusions 

Many researchers have recognized that, the co-
pyrolysis method can greatly improve the quantity 

and quality of bio-oil. It is found to be a promising 
alternative in biomass conversion for the production 
of bio-oil. Due to the fact that biomass wastes are 
available in abundant amounts and co-pyrolysis has 
huge potential for development in many countries. 
Mixture of Borassus flabellifer and Cymbopogon 
flexuosus were the promising feedstock for the 
production of bio-oil. Co-pyrolysis experiments have 
been conducted for the yield of higher bio-oil. The 
yield was considered reasonable regarding the 
previous studies on fixed bed slow pyrolysis. The 
maximum yield of 47.10 wt% was obtained under the 
pyrolysis temperature of 500ºC, particle size of 1.0 
mm and the heating rate of 30 ºC/min. In this study 
temperature was the most significant parameter to 
determine the product distributions. The calorific 
value of the bio-oil was more than half the value of 
diesel fuel which is good enough for an agricultural 
waste. The GC analysis showed that the bio-oil 
contained significant amounts of complex organic 
mixtures containing hydrophilic and carbonyl 
structures, resulting in low pH values and high 

 

Table — 5 GC analysis of the bio-oil 

RT/Min Compound Name Molecular Formula Type of Compound Molecular Weight % Area 

3 Benzene-1,3,5-D3 C6H3D3 NAr 78 6.24 
6.05 Phenol C6H6O ArO 94 13.41 
6.21 Phenol, 2-methyl- C7H8O ArO 108 10.27 
7.10 Phenol, 2,6-dimethyl C8H10O ArO 122 3.21 
7.72 Phenol, 2,4-dimethyl C8H10O ArO 122 1.20 
7.95 2,5-Diacetylfuran C8H8O3 ArO 152 2.10 
8.01 2-Isopropyl-2,5-dihydrofuran C7H12O ArO 112 6.25 
8.56 Phenol, 4-amino- C6H7NO ArO 109 4.33 
9.78 Ethanol C13H22O3 ArO 226 2.22 
12.21 Kaempferol C8H8O4 ArO 168 1.91 
12.25 2,3,5-Trimethoxytoluene C10H14O3 ArO 182 2.22 
12.97 Isosorbide C6H10O4 ArO 146 0.31 
14.28 Octadecane C18H38 NAr 254 1.11 
17.39 Asarone C12H16O3 ArO 208 4.53 
18.20 Benzhydryl vinyl ether C15H14O ArO 210 1.28 
19.33 3,4-Altrosan C6H10O5 ArO 162 3.52 
20.45 N-Benzylpiperidone C12H15NO ArO 189 2.33 
21.82 d-Mannose C6H12O6 ArO 180 2.91 
23.25 d-Glucoheptose C7H14O7 ArO 210 2.49 
23.35 Docosane C22H46 NAr 310 1.81 
25.16 D-Allose C6H12O6 ArO 180 5.95 
28.82 3-Acetoxy-24-methyl-5-cholest-5,22-dien-7-one C31H48O3 ArO 468 4.25 
30.35 Fluprednisolone C21H27FO5 ArO 378 3.72 
34.42 Di-(2ethylhexyl) phthalate C24H38O4 ArO 390 4.21 
36.62 Butanoic acid C24H34O6 ArO 418 2.02 
37.65 Nonacosane C29H60 NAr 408 3.33 
38.11 1-Methyl-1,3,3-triphenylindan-2-one C28H22O ArO 374 0.36 
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oxygen contents. The chemical elements present in 
the bio-oil can be used as a feedstock for the chemical 
industries. Using this co-pyrolysis method, the 
volume of biomass wastes can be easily controlled. In 
addition, it can also be noted that this is an optional 
strategy to enhance the energy security and decrease 
the dependency on fossil fuels. 
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