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ABSTRACT

This study focuses on the production and characterisation of fast pyrolysis bio-oil from
hardwood (Populus) and softwood (Spruce) using a bench-scale pyrolysis reactor at two
different temperatures. In this study, a mixed solvent extraction method with different
polarities was developed to extract different components of bio-crude oil into three fractions.
The obtained fractions were characterized by using gas chromatography and mass
spectrometry (GC-MS). The effect of temperature on the production of bio-oil and on the
chemical distribution in bio-oil was examined. The maximum bio-oil yield (71.20%) was
obtained at 873 K for bio-oil produced from softwood (Spruce). In contrast, at a temperature
of 773 K, the bio-oil yields were 62.50% and 65.40% for bio-oil obtained from hardwood
(Populus) and softwood (Spruce) respectively. More phenolic compounds were extracted at
a temperature of 773 K for bio-oil derived from softwood (Spruce) whereas the bio-oil
obtained from hardwood (Populus) produced mostly furans, acids and sugar compounds at
this temperature. For both types of bio-oil, a wide variety of chemical groups were identified
at a temperature of 873 K in comparison to 773 K.
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1. INTRODUCTION

With the increase of world’s population and the depletion of fossil fuel reserves, it is
necessary to find new technologies and alternative energy sources that can be renewable and
sustainable. Conversion of biomass to bio-oil has established significant consideration for
the development of a renewable and environmentally friendly source of energy for alternative
fuels since it does not contribute to greenhouse gases emission. Biomass is an organic
material that is derived from plants or animals and can be used in bio-oil production. Biomass
can be divided into two main groups: virgin biomass, which includes wood, plants
(lignocellulose), and waste biomass. Waste biomass includes municipal solid waste (MSW)
and agricultural waste [1]. Wood and other forms of biomass can be converted to biofuel
using two different approaches one involving biochemical methods such as fermentation and
anaerobic digestion and the other one including thermo-chemical methods such as
combustion, gasification, and pyrolysis [2—4]. Enzymatic conversion and pyrolysis are the
most common methods for converting both soft and hardwood feedstock [5]. Pyrolysis is
known as a process of thermal degradation of low-density organic materials in the absence
of oxygen [6,7]. In other words, pyrolysis is a thermal decomposition of large hydrocarbon
molecules to several smaller ones. The vapour is condensed to produce bio-oil and non-
condensable gas phase, mainly containing CO, CO2 and minor amounts of H2 and CH4[8].
The most significant aspect of pyrolysis product is the volatile product, which after cooling
and condensation is converted to liquid bio-oil [9]. Bio-crude oil from the pyrolysis of
biomass is a dark brown liquid with a pungent odour. It is a complex mixture, which contains
more than 400 different chemical components such as organic acids, ketones, alcohol esters,
furans, sugar derivatives, phenols as well as aliphatic and aromatic hydrocarbons [10,11].
The chemical compositions of bio-oil are defined by several factors including biomass type,
process parameters (temperature, heating rate, residence time, pressure, and gaseous
environment) as well as vapour filtration and condensation (filter type, condensing method,
and medium, cooling rate). However, the pyrolysis process requires accurate control of
temperature and short residence time to achieve high yield bio-oil. In addition, bio-oil
properties of different bio-oil produced from different biomass and under different process
conditions may perhaps differ from one another [12].

Defining the reaction pathway of pyrolysis process would enable the process development
moves from initial research towards the commercial stage. Pyrolysis behaviour was mostly
studied based on three main biomass components, i.e. cellulose, hemi-cellulose and lignin.
Also, numerous reactions take place i.e. dehydration, depolymerisation, decarboxylation, and
isomerization [13]. During the pyrolysis process, the primary reactions include char
formation, depolymerisation and fragmentation to form some intermediates. The secondary
reactions also take place during the pyrolysis process after the formation of unstable primary
products. Char formation occurs by condensation of benzene ring during the pyrolysis



process, whereas depolymerisation reaction occurs by cracking bonds between monomers
[14]. Nevertheless, pyrolysis is a complex process, which results in production of three main
products. Operating parameters such pyrolysis temperature and type of the pyrolysis process
can affect the main reaction pathways. In Figure 1, the overall pathways involved in the
mechanism of pyrolysis are presented.
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Figure 1. The overall pathways of pyrolysis process (adapted from[43])

The woody biomass is classified into two groups, e.g. hardwood and softwood. Hardwoods
are angiosperms (fruit or nut) whereas the softwoods are gymnosperms (cones). Angiosperms
have flowers and produce seeds enclosed within a carpel. Gymnosperms have no flowers or
fruits, and have unenclosed or “naked” seeds on the surface of scales or leaves.

(b)

Figure 2. Percentage content of main constitutes of woody biomass in a wood cell, (a) hardwood, (b)
softwood (adapted from[1])

Softwood comes from coniferous trees, which is green all year round and hardwood comes
from deciduous trees, which is produced from broad leaf trees that lose their leaves in winter.



Therefore, hardwood and softwood have nothing to do with density. However, softwood
generally contains higher lignin content (26—34%) than hardwood (23-30%) [15,16]. In this
study, two groups of the woody biomass were used for the production of bio-oils, Populus
chips (hardwood) and Spruce chips (softwood) [17]. Figure 2 presents the percentage content
of main components of lignocellulosic biomass in softwood and hardwood.

According to the published studies in the literature for the production of bio-oil from biomass,
most of the studies are mainly focused on bio-oil production process, and many aspects of
fast pyrolysis of biomass process such as characterisation of bio-oil parameters require
further study and improvement [7]. Hence, the novelty of this work is to perform intensive
bio-oil characterisation for the separation of chemicals. Bio-oil has poor properties due to the
complexity and inconsistency of composition, which causes the limitation of application
range [18]. Hence, to determine the composition and understand the properties of bio-oil
characterisation of bio-oil is necessary [19]. To improve the application and industrialisation
of bio-crude oil, different separation methods can be used. The employed separation methods
can be considered either as a method to obtain chemicals from bio-oil or as an analysis
method of bio-oil for research purposes [20]. The bio-oil chemicals can be separated by using
a solvent extraction method that can be considered as one of the effective methods of
separation, which separates different chemicals at each stage. The present study is focused
on solving a real-world problem for the sustainable production of bioenergy from renewable
sources of feedstock. However, commercialisation has not been achieved for thermochemical
conversion of biomass yet. A few pilot plants for bio-ethanol synthesis have been built,
ranging from 0.3 to 67 MW [21]. A number of techno-economic studies for bio-oil production
have been published in the literature using different analysis methods [22]. However, the
production cost of bio-oil per energy unit (GJ) was estimated at $4.04/GJ, whereas
conventional petroleum fuel had shown $10.7/GJ [23]. The demand for utilisation of
lignocellulosic biomass has induced with obtaining a detailed analysis of bio-oil for
understanding its chemical and physical properties to find the optimal application. Bio-oil
has poor properties due to the complexity of its composition, which causes the limitation of
its commercial application. In order to determine the composition and to understand the
properties of bio-oil, a detailed characterisation of bio-oil is necessary [19]. The
characterisation of bio-oil is essential for defining design parameters, developing kinetic
models, scaling up, and decision making related to the production of by-products and
upgrading [24]. The product of pyrolysis depends on the design of the pyrolysis reactor, the
physical and chemical characterisation of the biomass, and operating parameters such as
pyrolysis temperature, heating rate and residence time in the reaction zone [25]. The biomass
type and the operating parameters of pyrolysis significantly affect the chemical composition
of the produced bio-oil. According to the published literature on bio-oil characterisation, the
heating values of bio-oil (range between 41 and 43 MJ kg'*) are almost half in comparison to
fossil fuels due to the presence of oxygen and water content. This explains the requirement



of bio-oil upgrading to reduce the oxygen and water content and improve the bio-oil
properties [26]. The water content of bio-oil is reported to be 15-35% [26]. The presence of
water in bio-oil reduces the heating values and enhances the phase separation. In addition,
water content in bio-oil is considered to be a drawback as it contributes to a low pH value. A
typical pH value of bio-oil is about 2.5. The oxygen content of bio-oil varies in the range
between 35 and 40% [26] and is considered as the main difference between bio-oil and
petroleum-based fuels, which results in poor bio-oil properties.

The main aim of this study is to investigate the production of bio-oil from two different
woodchips and evaluate the design of the pyrolysis reactor. To identify the most efficient
solvent extraction route for separating and analysing highly valued chemicals, a mixed
solvent extraction method with different polarities was developed to fractionate different
components of bio-crude oil into three fractions. The obtained fractions were characterised
by using gas chromatography and mass spectrometry (GC-MS). Other types of
characterisation techniques e.g. elemental analysis, water content, viscosity and pH
measurements, and bomb calorimetry were performed.

This work highlights a fast pyrolysis process to obtain higher-value products from bio-oil
yields obtained at two process temperatures using two different types of biomass. A multiple-
step solvent extraction method was used for improving the yield and composition of
chemicals from the fast-pyrolysis bio-oil. The novelty of this work is to perform intensive
bio-oil characterisation for the separation of chemicals from two different sources of
feedstock. A comparative production and detailed characterisation of fast pyrolysis bio-oil
from Populus and Spruce woods is the main emphasis of this research,

2. MATERIALS AND METHODS

2.1. Materials

The bio-oil used in this study was obtained from two different feedstock. Two woodchips
samples, one hardwood tree named Populus and other type softwood tree named Spruce,
kindly supplied by the Department of Wood and Paper Sciences, University of Tehran. The
produced bio-oil was fractionated with three different organic solvents, which include
toluene, methanol (MeOH), and water. Toluene and methanol were purchased from Merck,
UK.

2.2. Experimental procedures

2.2.1. Bio-oil production

In this study, a bench-scale, fixed bed pyrolysis reactor was designed for bio-oil production,
whereas the feedstock was fed in the reactor and heat was supplied externally. Electrical



power was used to provide the heat and nitrogen gas was used as a carrier gas to provide the
oxygen-free conditions inside the reactor.

Figure 3 illustrates the schematic of the experimental set-up for bio-oil production. The
experimental setup consists of two preheaters to preheat the carrier gas before entering the
reactor. To remove any moisture from the carrier gas stream, a CaO store was placed before
the preheater. A stainless-steel cylindrical reactor vessel, which was heated by a hot oil jacket
and occupied about 10% with silica sand bed to keep a homogenous temperature across the
reactor, PID controller and double condenser. Bio-oil was formed by sudden cooling of the
pyrolysis vapours. Thus, an efficient cooling arrangement is essential to condense the
vapours into bio-oil. The reactor vessel was made of stainless steel 316 to achieve desired
pyrolysis temperature without structural deformation. The height and diameter of the reactor
vessel were selected to be 30 cm and 10 cm, respectively. The inert conditions for pyrolysis
process were reached by passing nitrogen gas and defining the vapour residence time. The
attached thermocouples recorded inside temperature of the reactor.

PID
controller

Gasbag

Pre-heater

Vacuum pump

Figure 3.Schematic of the experimental setup for bio-oil production

The experiments were conducted at a temperature of 773 K and 873 K for two types of
woodchips. Before the pyrolysis process, the feedstocks were dried in the oven for 12 hours
at 373 K to remove moisture. Approximately 44.66 g of woodchips with a particle size of
~18 mm were weighed and loaded inside the sample container and then placed inside the
reactor (Figure 3). Nitrogen gas (N2) was passed at a flow rate of 500 ml min* to the reactor
after passing through two preheaters to obtain the inert conditions for pyrolysis process and



to achieve the reaction temperature. The outlet of the pyrolysis reaction was directed into a
water-cooled condenser and the condensed liquid bio-oil was collected at three different
collection points and the incondensable gases were collected in a gasbag. According to the
literature [27], the vapour residence time for the fast pyrolysis process should not exceed 5
s. However, it is a key parameter in the fast pyrolysis process since the main objective of this
process is to maximise the liquid yield. Hence, a short vapour residence time (~2 s), fast
condensation process to maximise the bio-oil yield, accurate heating system, proper gas flow
rate to maintain oxygen-free conditions inside the reactor and preheating of the nitrogen gas
to achieve the desired pyrolysis temperature have been considered for pyrolysis system. On
completion of the experiment, the liquid and solids products were weighed and the product
yield was calculated.

2.2.2. Bio-oil fractionation method

The principle of solvent extraction is based on solvent polarity, and the solvation capability
of the materials present in the bio-oil, where the polarity of the solvents increased top to
bottom of the route [26]. Hence, the polarity is used as the driving force for the fractionation
of the bio-oil.

Fast pyrolysis oil

Toluene Extraction

Toluene insoluble Toluene soluble
MeOH Extraction 1=t Fraction
MeOH insoluble MieOH soluble
3rd Fraction 2nd l}_t'actiou

Water Extraction

Water soluble Wiater insoluble

4th Fraction Sth Fyraction

Figure 4. Fractionation protocol of bio-oil for light oil and chemicals

Numerous types of solvents such as butanone, hexane, ethyl acetate, toluene, methanol,
dichloromethane and diethyl ether were evaluated to extract the light oil from heavy oil the
multi-step pathway, which is presented in Figure 4, was the best-considered route for this
purpose. This route contains three solvents, toluene, primary extraction, MeOH secondary



extraction, and water tertiary extraction where the degree of polarity changes from top to
bottom of the route (Figure 4) [26]. The composition of bio-oil samples have been obtained
by a mixed solvent extraction method with different polarities, which has been developed to
fractionate different components of bio- oil into three fractions. The obtained fractions have
been characterised by using gas chromatography and mass spectrometry (GC-MS).

In this method, 4 ml of oil was mixed with 115 ml of toluene to obtain toluene soluble and
toluene insoluble. Toluene soluble is the first extracted fraction of bio-oil, which can be
injected to GC-MS for compositional analysis (1% faction in Figure 4). Then the toluene
insoluble fraction was treated with 115 ml of methanol to MeOH soluble and insoluble.

The MeOH insoluble fraction extracted as a homogenous char-powder fraction and the
MeOH soluble fraction was filtrated and then placed in a rotary evaporator to remove the
solvent and then 1uL was injected to GC-MS. The residue from the rotary evaporator was
dried in an oven at a temperature of 378 K overnight. Then the residue was weighed and 150
ml of ice-cooled distilled water was added per 10 g of MeOH-oil mixture. The distilled water
was added dropwise with continuous agitation to provide the water-soluble (4™ fraction) and
water-insoluble (5™ fraction) as illustrated in Figure 4. Figure 5 presents the obtained bio-oil
factions for GC-MS analysis.

Figure 5. lllustration of bio-oil fractions by (a) toluene soluble, (b) toluene insoluble, (c) methanol
soluble, (d) methanol insoluble, (e) water soluble, (f) water insoluble



2.2.2.1 Composition analysis of bio-oil

The chemical composition of the entire obtained fractions for two types of bio-oils was
determined by gas chromatography with mass spectra Shimadzu GC-MS-QP2010S with
manual injection. The column was a mild-polarity phase, 14% cyanopropylphenyl
polysiloxane; 30 m, 0.25 mm inner diameter, 0.25 um film thickness. The GC oven
temperature was held at 323 K for 2 min, then programmed to 563 K at a ramp of 278 K
min~!. The injector temperature was 568 K with split mode and the injection dose was 1pL.
The carrier gas flow rate was 0.95 ml min? to maintain a high-quality separation of the
components. The mass scanning range was set 80-700 m/z and the electron ionization system
with ionization energy of 70 eV was used [28].

2.2.3 pH, viscosity and water content measurements

The quality of bio-oil in combustion applications is regulated by ASTM D7544 standard.
American Society for Testing and Materials (ASTM, D7544-12) standard method were used
to determine the water content, elemental analysis, and viscosity of bio-oil [29].

The pH values of bio-oil samples at temperatures773 K and 873 K were measured by using
PHM240 at 298 K. The reported data is the average of two readings for each sample. The
viscosity values of the bio-oil samples were measured by using Bohlin Gemini 2 at 313 K.
The value of the viscosity of the bio-oil is used to examine the stability of the bio-oil during
the storage.

Karl-Fisher titration Mettler Toledo following the ASTM E203 standard test method was
used for determining the water content of bio-oil samples. The used solvent for this method
was dry methanol and this solvent can dissolve all the compounds of bio-oil [30]. In this
approach, one drop (0.0060 g) of bio-oil was added to the glass bottle containing the Karl-
Fisher solvent and after entering the exact weight of the injected bio-oil drop. The reported
data is the average of three runs for each sample.

2.2.4 Elemental analysis (CHNO) and heating values

A CE-440 elemental analyser was used to obtain the percentage of hydrogen, carbon, sulphur,
and oxygen. For elemental analysis, 15 pL of each bio-oil sample was taken and placed inside
a metal container and then the container hard-pressed and the samples were weighed and
placed inside the CE-440 elemental analyser for analysis. The heating values were obtained
using Bomb Calorimetry method [31].

3. RESULTS AND DISCUSSION

3.1 Product yield distributions



The distribution of product yield results from thermal fast pyrolysis of two types of wood is
presented in Figure 6. Pyrolysis temperature is the most important parameter that affects the
yield of the products. The results indicate that with an increase in temperature, the bio-oil
and bio-gas yields increase for both types of the feedstocks while the char yields were
observed to decrease since the char materials decompose at higher temperatures as stated in
the literature [32]. The maximum bio-oil yield was obtained at a higher temperature of 873
K for bio-oil produced from softwood (Spruce) by 71.19%. In contrast, at a temperature of
773 K, the bio-oil yields from hardwood (Populus) and softwood (Spruce) were 62.54% and
65.42%, respectively.

Distribution of the products yield

70 m Hardwood (Populus)

Softwood (Spruce)

S 40
o
T 30
> 20
o TR |
0
Bio-oil Char Gas Bio-oil Char Gas
773K 873 K

Temperature K

Figure 6. Product yield distributions (%) of fast pyrolysis of softwood (Spruce) and hardwood
(Populus) at two different temperatures

3.2 Characterization of bio-oil

The physical properties of bio-oil including water content, pH value, and viscosity are
presented in Table 1. According to Table 1, the percentage of the water content of hardwood
(Populus) bio-oil at 873 K was the highest value among the bio-oil samples (54.60%), while
for the same sample at lower temperature was 35.88%. However, for the bio-oil from
softwood (Spruce) at a temperature of 873 K, a lower percentage of water content (41.79)
was observed. As reported in the literature, the water content of bio-oil is reported to be 15-
35% [30]. The presence of water in bio-oil is due to moisture content of the woodchips and
the dehydration reactions during the fast pyrolysis process. Studies reported that thermal
decomposition of lignocellulosic biomass involves complex mechanisms due to numerous
types of structures and the multiplicity of possible reactions. Generally, due to complexity of
biomass composition, the pyrolysis behaviour mostly studied based on three main biomass
components, i.e. cellulose, hemi-cellulose and lignin. Cellulose is the most abundant



biopolymer, a linear macromolecular polysaccharide that composed of a long-chain of
glucose units linked by PB—1,4-glycosidic bonds, and contains several inter-molecular
hydrogen [33]. The glycosidic bonds linking the glucose units in cellulose are not strong and
cleave under high temperature conditions such as pyrolysis process [34]. The main products
of pyrolysis of cellulose are acids, alcohols, anhydrosugars, char, and gases. The degradation
of hemicellulose mainly occurred at a low temperature and the major weight loss took place
at 493-588 K with higher CO2 and char yields [35]. In contrast, the polymer molecular
structure of lignin is very difficult to be degraded into phenyl propane monomers. Lignin is
a complex three dimensional polymer in which guaiacyl-, syringyl- and p-hydroxy phenyl
propane- type units are interconnected. Furthermore, the bio-oil includes two phases: one
non-aqueous phase, called bio-oil, consisting of high molecular weight molecules, and the
other is an aqueous phase, the aqueous phase is a result of the moisture present in the biomass
and from products of reactions that occur during the pyrolysis process[27,36].

Table 1. Physical properties of two different samples of bio-oil at temperatures of 773 K and
873 K

Sample ID Properties
Water Content % pH Viscosity (cP)
Hardwood (Populus) 773 K 35.88 2.57 36.94
Hardwood (Populus) 873 K 54.60 2.71 71.10
Softwood (Spruce) 773 K 48.63 2.43 86.61
Softwood (Spruce) 873 K 41.79 2.51 95.48

However, the existence of water in bio-oil has an undesirable effect on the storage, which
causes phase separation and also reduces the heating values of bio-oil as a source of fuel.

In addition, the pH values of bio-oil from hardwood and softwood are between 2.4 and 2.8.
The presence of water and organic acids in the bio-oil results in a low pH values, which is
the main reason of the corrosion property of bio-oil in storage and possible applications. It
can be resulted that upgrading of bio-oil is essential in order to achieve the standard
requirement of fuels to be accepted in any application.

The ASTM D7544 standard method was used to obtain the viscosity of the bio-oil samples.
The presence of water, sugars and acids in bio-oil from wood chips resulted in a lower values
and a less viscous product. In addition, the viscosity of the bio-oil samples increases as the
temperature of the pyrolysis increased. Thus, a higher viscosity was reported for bio-oil at
873 K and particularly, for softwood (Spruce) bio-oil. However, the viscosity of heavy oil is




about 180 cP at 323 K, while the viscosity of bio-oil from biomass is between 40 and 100 cP
[37].

The elemental analysis of two different bio-oils was performed to examine carbon, hydrogen,
sulphur and oxygen content and also the heating values of fast pyrolysis bio-oil samples from
hardwood (Populus) and softwood (Spruce) at temperatures of 773 and 873 K. As stated in
the literature, the oxygen content of bio-oil varies in the range of 35-40% [38]. The lowest
amount of oxygen was found for softwood (Spruce) 873 K (37.22%) and the highest amount
was found for softwood (Spruce) 773 K (62.80%), which confirms the necessity of upgrading
of the bio-oil for a better-quality bio-oil. Since the presence of oxygen in the bio-oil is
considered as the main difference between bio-oil and fossil fuels, which results in poor
properties of bio-oil such as corrosiveness, low energy density, and thermal stability [38].
According to Table 2, bio-oil produced from softwood (Spruce) at 873 K contains higher
carbon (55.81%) whereas the bio-oil from hardwood (Populus) at 773 K contains slightly
higher hydrogen (6.64%). The results indicate that bio-oil from softwood (Spruce) at the two
temperatures contains higher sulphur content than the hardwood (Populus) bio-oil samples.

Heating values were determined by using the oxygen-bomb calorimetry method and it was
found that bio-oil from softwood (Spruce) at 873 K presents a higher heating value by 23.60
MJ/kg in comparison to other bio-oil samples. However, the heating values of bio-oil are
affected by the composition of hydrogen and carbon of the bio-oil, which defined the energy
content of bio-oil. According to Table 2, the lower heating values of bio-oil in comparison to
fossil fuels, which is between 41 and 43 MJ/kg, this value is almost half of fossil fuels value,
due to oxygen and water contents, which confirms the necessity of upgrading of bio-oil to
reduce the oxygen and water contents and improve the bio-oil properties.

Table 2. Elemental analysis (CHNO) and heating values of the bio-oil samples

Sample ID Carbon | Hydrogen | Sulphur | Oxygen HHV LHV

% % % % (MJ/kg) (MJ/kg)
Hardwood (Populus) 773 K | 42.90 6.64 0.06 50.40 21.30 19.85
Hardwood (Populus) 873 K | 51.30 6.32 0.06 42.32 21.37 20.30
Softwood (Spruce) 773 K 30.30 6.47 0.43 62.80 14.41 13.04
Softwood (Spruce) 873 K 55.81 6.27 0.70 37.22 23.60 22.27

3.3 Composition analysis of bio-oil fractions

Solvent extraction can be considered as an upgrading technique in the development of bio-
oil upgrading approaches. The fractions obtained by solvent extraction describes the bio-oil
as a mixture of ten chemical families, which include phenolics, aromatics, furans, ketones,



alcohol, acids, sugars, ethers, esters and aldehydes. Therefore, the grouping of bio-oil
components into chemical families is a useful method for the characterisation of bio-oil with
about a hundred different components. The fractionation method was developed by
examining several different types of organic solvents to separate different chemicals. To
determine the chemical composition of extracted fraction, GCMS analysis was performed.
The injected fractions for each type of fast pyrolysis bio-oil, e.g. toluene soluble, MeOH
soluble and water-soluble were analysed and the results obtained from fractionation of bio-
oil are presented below.

GCMS analysis identified the compounds detected in bio-oil by the solvent extraction
method and the identified compounds were recorded by a probability match of more than
90% using the GCMS software NIST library. The extracted data was reported in graphs of
abundancy against retention time for each fraction in Figures 7-12, and the corresponding
components for each graph were presented in Tables 3-8. The grouping of chemical families
was performed according to their functional groups and structural formula [38].

3.3. 1 GC-MS Analysis of hardwood (Populus) bio-oil fractions

The wood chips of Populus were used in the bio-oil production and the peak identification
and chemical compositions of bio-oil from Populus hardwood chips at two different
temperatures of 773 K and 873 K include toluene soluble, MeOH soluble and water-soluble
are presented in Figures 7, 8 and 9 and the corresponding components for each identified
peak for each fraction are presented in Table 3, 4 and 5.

3.3. 1.1 Hardwood (Populus) - toluene soluble (773 K and 873 K)

(&) H-wood (Populus) 773 K-toluene soluble (b) H-wood (Populus) 873 K-toluene soluble

Abundance
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Figure 7. GC-MS chromatogram resulting from Hardwood (Populus)-toluene soluble

fractions of bio-oil at temperatures of (a) 773 K and (b) 873 K



According to Figure 6, which illustrates the distribution of chemical families includes furans,
esters, phenolics, aromatics, and ketones. This suggests that wood chips consist of cellulose,
hemicellulose and lignin and the depolymerisation of wood produces more compounds with
different polarities. It is clear that compounds with carbon Cs and Cs are extracted in these
fractions at two different temperatures. The intensity of the produced compounds at
temperature 773 K is higher than 873 K fraction (Figure 7).

Table 3. GC-MS chromatogram resulting from Hardwood (Populus)-toluene soluble
fractions of bio-oil corresponding components

Peak No Component Formula Chemical Family
1 Ethylbenzene CsHio Aromatics
2 Furfural CsH40O2 Furans
3 5-Methyl-5-hexen-2-one C/H120 Ketones
Toluene 4 Phenol CeHsO Phenolics
Soluble 5 Phenol, 2-methoxy-4-methyl CgH1002 Phenolics
77'?'( 6 Phenol, 3,4-dimethoxy CsH1003 Phenolics
7 Benzene, 1,2,4-trimethoxy CoH1,03 Phenolics
8 1,2,3-Trimethoxy-5-methylbenzene = CioH1403 Phenolics
9 Methoxyeugenol C11H1403 Phenolics
1 Benzene, ethyl CsH1o Aromatics
2 Furfural CsH40; Furans
Toluene 3 3,4-Dimethyl-3-pentene-2-one C7H120 Ketones
Soluble 4 Phenol CsHeO Phenolics
87ZtK 5 2,4-Dimethoxyphenol CsH1003 Phenolics
6 Phenol, 2-methoxy-4-propenyl Ci1oH120; Phenolics
7 Methoxyeugenol C11H1403 Phenolics

3.3.2.2 Hardwood (Populus) -methanol soluble (773 K and 873 K)

Figure 8 illustrates the chemical distribution of methanol soluble factions of bio-oil from
Populus hardwood chips at two different temperatures of 773 K and 873 K and the
corresponding components for each identified peak for each temperature are presented in
Table 4. As can be seen the complexity of the sample is visible in the spectrum results
presented below. As stated in the literature, methanol has good performance in separating



polar compounds [39] and according to Figure 8, and Table 4, ketones, phenolics, aromatics
and furans were found as the main decomposition products of the Populus hardwood chips
bio-oil. The intensity of the extracted products is higher at a temperature of 773 K. However,
more volatile compounds were identified in these fractions, which is due to condensed
structure of lignin in hardwood resulted from higher methoxy groups. Hazardous materials,
such as N-compounds were identified in this fraction, which results from biomass processing
and pre-treatment prior to the pyrolysis process [36].
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Figure 8. GC-MS chromatogram resulting from Hardwood (Populus)-methanol soluble
fractions of bio-oil at temperatures of (a) 773 K and (b) 873 K



Table 4. GC-MS chromatogram resulting from Hardwood (Populus)-MeOH soluble fractions
of bio-oil corresponding components

Peak No Component Formula Chemical Family
1 2-Propanone, 1-hydroxy C3HsO2 Ketones
2 Furfural CsH402 Furans
3 3-Methyl-4-penten-2-one CeH100 Ketones
4 1,1-Dimethoxypropane CsH120, Aldehydes
5 Propargyl acrylate CsHsO2 Acids
Methanol 6 3-Methylcyclopentane-1,2-dione CeHsO2 Furans
Soluble 7 Phenol CsHsO Phenolics
at 8 Phenol, 2-methoxy C7/HsO: Phenolics
173K 9 Phenol, 3-methyl C/HgO Phenolics
10 2-Methoxy-6-methylphenol CsH1002 Phenolics
11 Phenol, 4-ethyl-2-methoxy CoH120; Phenolics
12 Phenol, 3,4-dimethoxy CsH1003 Phenolics
13 Benzene, 1,2,4-trimethoxy CoH1203 Phenolics
14 D-Mannoheptulose C7H1407 Sugars
Peak No Component Formula Chemical Family
1 2-Propanone, 1-hydroxy CsHsO2 Ketones
2 3-Methyl-4-penten-2-one CeH100 Ketones
3 3-Ethyl-2,4-dioxapentane CsH1202 Aldehydes
4 3-Methyl-1,2-cyclopentanedione CsHsO2 Furans
5 Phenol CeHsO Phenolics
Methanol 6 Phenol, 3-methyl C;HsO Phenolics
Soluble 7 Propylamine, 3-(furan-2-yl)-1-methyl CsH13NO Furans
87621:K 8 Phenol, 4-ethyl-2-methoxy- CoH120, Phenolics
9 2-Methyl-4-pentenoic acid CeH1002 Acids
10 Phenol, 3,4-dimethoxy CsH1003 Phenolics
11 Vanillin CgHsO3 Phenolics
12 Benzene, 1,2,3-trimethoxy-5-methyl C10H1403 Phenolics
13 Hexose CeH1206 Sugars




3.3.2.3 Hardwood (Populus)-water soluble (773 K and 873 K)
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Figure 9. GC-MS chromatogram resulting from Hardwood (Populus)-water soluble fractions
of bio-oil at temperatures of (a) 773 K and (b) 873 K



Table 5. GC-MS chromatogram resulting from Hardwood (Populus)-water soluble fractions
of bio-oil corresponding components

Peak No Component Formula Chemical Family

1 3-Methyl-1,2-cyclopentanedione CsHsO2 Furans

2 Monophenol CsHesO Phenolics

3 2-Methoxy-6-methylphenol CsH1002 Phenolics

4 Oxetane, 2-methyl-4-propyl C7H140 Alcohols

5 2-Methyl-4-pentenoic acid CeH1002 Acids
Water 6 Phenol, 3,4-dimethoxy CsH1003 Phenolics
Soluble 7 Phenol, 4-methoxy-3-(methoxymethyl) = CoH1203 Phenolics
772tK 8 1,3-Dihydroxy-2-methylbenzene C7Hs0O2 Aromatics

9 Vanillin methyl ketone C1H1203  Aromatics

10 2,2-Dimethyl-1,3-propanediol diacetate = CoH1604 Alcohols

11 Ethylene lactic acid C3HsO3 Acids

12 3-Hydroxy-3-methylpentanoic acid CeH1203 Acids

13 2,6-Dihydroxy-4-methoxyphenyl C11H1204  Aromatics

1 Methylbenzene C7Hs Aromatics
Water 2 2-Propanone, 1-hydroxy CsHsO2 Ketones
Soluble 3 Hydroxymethylcyclopropane C:sHsO Furans
87?3tK 4 Hexose C6H1206 Sugars

Figure 9 illustrates the chemical distribution of water-soluble factions of bio-oil from
Populus hardwood chips at two different temperatures of 773 K and 873 K and the
corresponding components for each identified peak for each temperature are presented in
Table 5. It appears that water has a good performance in extraction of the compounds presents
in bio-oil from Populus hardwood chips at temperature of 773 K (Figure 9) in comparison to
other temperature. Since the intensity and the number of extracted compounds is higher at
this temperature. Sugars, phenolics, aldehydes, aromatics, acids, alcohols, and furans were
found as the main decomposition products of the Populus hardwood chips bio-oil in water-
soluble fractions. Compounds with higher polarity include acids and alcohols were found in
these fractions according to Table 5.



3.3. 2 GCMS analysis of softwood (Spruce) bio-oil fractions

The wood chips of Spruce were used in the bio-oil production and the peak identification and
chemical compositions of bio-oil from Spruce softwood chips at two different temperatures
of 773 K and 873K include toluene soluble, MeOH soluble and water-soluble are presented
in Figures 10, 11, and 12 and the corresponding components for identified peak for each
faction are presented in Table 6, 7, and 8.

3.3. 2.1 Softwood (Spruce) -toluene soluble (773 K and 873 K)

(a) S-wood (Spruce) 773 K-toluene soluble  (b) S-wood (Spruce) 873 K-toluene soluble
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Figure 10. GC-MS chromatogram resulting from Softwood (Spruce) - toluene soluble
fractions of bio-oil at temperatures of (a) 773 K and (b) 873 K

Figure 10 shows the chemical distribution of toluene soluble factions of bio-oil from Spruce
Softwood chips at two different temperatures of 773 K and 873 K and the corresponding
components for each identified peak for each temperature are presented in Table 6.

According to Figure 10, a variety of compounds from different chemical families identified
in these fractions. However, the intensity of the identified compounds is higher at a
temperature of 773 K and more phenolic compounds were identified at this temperature.



Table 6. GC-MS chromatogram resulting from Softwood (Spruce) - toluene soluble fractions
of bio-oil corresponding components

Peak Component Formula Chemical Family
No
1 Furfural CsH40; Furans
2 Dimethyl diketone C4H6O2 Ketones
Toluene 3 Phenol, 2-methoxy C7HgO2 Phenolics
Soluble 4 Phenol, 2-methoxy-4-methyl CgH1002 Phenolics
at 5 2-Methoxy-6-methylphenol CsH1002 Phenolics
K 6 Phenol, 4-ethyl-2-methoxy CoH1202 Phenolics
7 Phenol, 2-methoxy-4-propyl C10H1402 Phenolics
8 2-Methoxy-4-propenylphenol C10H1202 Phenolics
9 2-Propanone,1-(4-hydroxy-3-methoxyphenyl) C10H1203 Aromatics
10 Methyl-(2-hydoxy-3-ethoxy-benzyl)ether C10H1403 Aromatics
1 Methyl 2-ethyl-2-propylhexanoate C12H240: Esters
2 Furfural CsH40; Furans
Toluene 3 3-Methyl-2-heptanone CsH160 Ketones
Soluble 4 Phenol, 2-methoxy C7HgO2 Phenolics
87§tK 5 2-Methoxy-6-methylphenol CgH1002 Phenolics
6 Phenol, 2-methoxy-4-methyl CgH1002 Phenolics

3.3. 2.2 Softwood (Spruce) -methanol soluble (773 K and 873 K)

(a) S-wood (Spruce) 773 K-MeOH soluble
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Figure 11. GC-MS chromatogram resulting from Softwood (Spruce)-methanol soluble
fractions of bio-oil at temperatures of (a) 773 K and (b) 873 K



Table 7. GC-MS chromatogram resulting from Softwood (Spruce)-MeOH soluble fractions
of bio-oil corresponding components

Peak No Component Formula Chemical Family
1 2-Methyl-2-cyclopentenone CeHgO Furans
2 3-Methyl-1,2-cyclopentanedione CeHsO2 Furans
3 Phenol CeHsO Phenolics
4 Phenol, 2-methoxy- C7Hs0; Phenolics
Methanol 5 Phenol, 3-methyl C/HsO Phenolics
Soluble 6 Phenol, 4-methy C7/HgO Phenolics
773K
7 2-Methoxy-6-methylphenol CsH1002 Phenolics
8 Phenol, 2,3-dimethyl CgH100 Phenolics
9 Phenol, 4-ethyl-2-methoxy- CoH1,0, Phenolics
10 Phenol, 2-methoxy-4-propyl Ci10H1402 Phenolics
11 1,2-Benzenediol CeHsO:2 Phenolics
12 Phenol, 2-methoxy-4-propenyl C10H120, Phenolics
13 Methyl-(2-hydoxy-3-ethoxy-benzyl)ether Ci10H1403 Aromatics
1 3,3,5-Trimethylcyclohexyl methacrylate Ci3H20:; Esters
2 Phenol C6H60 Phenolics
3 Phenol, 2-methoxy C7Hs0, Phenolics
4 Phenol, 3-methyl C7HsO Phenolics
5 Phenol, 2-methyl- C7HsO Phenolics
6 2-Methoxy-6-methylphenol CsH100- Phenolics
Methanol 7 Phenol, 2,3-dimethyl- CgH100 Phenolics
Sg);gt:ie 8 Phenol, 4-ethyl-2-methoxy CoH120; Phenolics
9 Phenol, 2-ethyl-5-methyl CoH120 Phenolics
10 1,2-Benzenediol CeHsO2 Phenolics
11 Phenol, 3,4-dimethoxy CsH1003 Phenolics
12 Phenol, 2-methoxy-4-propenyl Ci10H1202 Phenolics
13 4-Acetyl-2-methoxyphenyl acetate C11H1204 Aromatics
14 Vanillin methyl ketone Ci10H1203 Aromatics
15 Methyl-(2-hydoxy-3-ethoxy-benzyl)ether C10H1403 Aromatics
16 2,3,5-Trimethyl-phenanthrene Ci7H16 Aromatics




Figure 11 presents the chemical distribution of methanol soluble factions of bio-oil from
Spruce softwood chips at two different temperatures of 773 K and 783 K and the
corresponding components for each identified peak for each temperature are presented in
Table 7. It is obvious that methanol performed a good extraction for this type of bio-oil. A
wide variety of compounds include Cs-Cio were extracted in these fractions. More phenolic
compounds were identified at these two temperatures. It appears that methanol has good
performance in extraction of different chemical families in both hardwood and softwood
fractions. It can be seen that methanol extracted over 90% of total chemicals in bio-oil due
to high polarity (polarity of toluene: 2.7 and polarity of methanol: 6.6) [40]. The chemicals
that exist in bio-oil are mostly oxygenated compounds, which have high polarity and
solubility in water and polar solvents.

3.3. 2.3 Softwood (Spruce) —water soluble (773 K and 873 K)
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Figure 12. GC-MS chromatogram resulting from Softwood (Spruce)-water soluble fractions
of bio-oil at temperatures of (a) 773 K and (b) 873 K

Figure 12 shows the chemical distribution of water-soluble factions of bio-oil from Spruce
Softwood chips at two different temperatures of 773 K and 873 K and the corresponding
components for each identified peak for each temperature are presented in Table 8. As it can
be seen from Table 8 that less compounds were identified by water-soluble fraction for
softwood bio-oil. This is because the vast majority of the compounds were extracted by
toluene and then methanol followed by water fraction and hence lower fraction of compounds
appears in the water fraction. However, the extracted compounds were found to be the
compounds with high polarity. According to Table 8, more phenolic compounds were



identified by water-soluble fraction at 773 K compared to 873 K. However, the intensity of
the two temperatures is low among the other fractions of softwood extractions.

Table 8. GC-MS chromatogram resulting from Softwood (Spruce)-water soluble fractions of
bio-oil corresponding components

Peak No Component Formula Chemical Family
Water 1 Phenol, 2-methoxy C7HsO: Phenolics
Soluble 2 Phenol, 2-methoxy-4-methyl CgH100: Phenolics
77?3tK 3 Phenol, 4-ethyl-2-methoxy CoH120, Phenolics
4 Phenol, 2-methoxy-4-propyl C10H1402 Phenolics
1 2-Propanone, 1-hydroxy Cs3HgO2 Ketones
Water 2 Methylbenzene CsHs Aromatics
Soluble 3 2-Methoxy-6-methylphenol CgH1002 Phenolics
876113tK 4 Hexose CsH1206 Sugars

3.3.3 Effect of temperature on chemical distribution in bio-oil

The classification of the identified compounds into chemical families was performed
according to their functional groups and structural formula. The grouping of bio-oil
compounds in chemical families is a very useful method, which allows working with a few
chemical groups instead of hundreds of compounds. The detected compounds were classified
into 10 different chemical families, which include phenolics, aromatics, furans, ketones,
alcohol, acids, sugars, ethers, esters, and aldehydes. The classification of the identified
components of bio-oil was reported in the literature [20,31,39] and according to the
functional group and structure of each compound, the classification was achieved carefully.
Figures 13 and 14 illustrate the overall functional group distribution of chemical families
from two different types of bio-oil e.g. hardwood (Populus) and softwood (Spruce) chips.
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Figure 13. The effect of temperature on chemical distribution in bio-oil at 773 K

According to Figure 13, the phenolic compounds were the major identified chemical groups
for the softwood (Spruce) bio-oil at 773 K, whereas the bio-oil produced from hardwood
(Populus), furanic, acid and sugar compounds were the most produced compounds at this
temperature. However, the intensity of the phenolic and ketonic compounds was higher for
the softwood (Spruce) bio-oil at this temperature. In other words, bio-oil produced from
hardwood (Populus) shows a wider distribution of functional groups, but with less intensity
than bio-oil produced from softwood (Spruce) at 773 K as presented in Figure 13. For both

types of bio-oil, wide varieties of chemical groups were identified at a temperature of 873 K
in comparison to 773 K.
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Figure 14. The effect of temperature on chemical distribution in bio-oil at 873 K



As shown in Figure 14, aromatics, ketones, furans and sugars were the most abundant
compounds for bio-oil from hardwood (Populus) at this temperature. However, phenolics and
sugar compounds were the dominant chemical groups for softwood bio-oil at this
temperature. Furans are volatile cyclic compounds which resulted from cellulose degradation
and are used in the production of resins, lacquers and agrochemicals [41-43].

4. CONCLUSIONS

This study focused on the production and characterisation of fast pyrolysis bio-oil produced
from two different types of biomass samples at two different temperatures of 773 K and 873
K. The woodchips - one from hardwood (Populus) and the other type from softwood (Spruce)
were used to produce bio-oil using a bench-scale pyrolysis reactor. The selective extraction
method was developed to obtain chemicals from bio-oil and also as a method of analysis to
determine the chemical composition of bio-oil by GC-MS. Other types of characterization
techniques e.g. elemental analysis, water content, pH and viscosity measurements, and bomb
calorimetry were employed for this study.

The effect of temperature on the production of bio-oil and on the chemical distribution in
bio-oil was examined. The bio-oil yields from hardwood (Populus) at 773 K and 873 K were
calculated to be 62.50% and 68.40% respectively. For softwood (Spruce) the bio-oil yields
at 773 K and 873 K were 65.40% and 71.20% respectively. It was found that more phenolic
compounds were extracted at a temperature of 773 K for bio-oil obtained from softwood
(Spruce), whereas the bio-oil extracted from hardwood (Populus) produced furans, acids and
sugar compounds. However, for both types of bio-oils, a wide variety of chemical groups
were identified at a temperature of 873 K in comparison to 773 K. The results indicate that
pyrolysis of softwood (Spruce) produced a higher yield of bio-oil at higher temperature (873
K), however more selective chemicals (phenolics) can be obtained at a temperature of 773
K. It can be concluded that the efficiency of methanol in extracting chemical groups was
higher than water and toluene. It was found that methanol extracted over 90% of total
chemicals in bio-oil due to high polarity. The chemicals that exist in bio-oil are mostly
oxygenated compounds, which have high polarity and solubility in polar solvents. This study
highlighted an appropriate method for solving a real world problem for sustainable
production of bioenergy from renewable source of feedstock.

For future work, biochar could be used as a source of activated carbon for production of
supercapacitor to produce electrodes. The gaseous products of pyrolysis process could be
utilised as a source of energy for pyrolysis process. However, the effect of the use of
product gas on pyrolysis process and the essential equipment required for this purpose must
be studied in detail.
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