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Abstract

Biomass conversion into solid, liquid and gaseous products by pyrolytic technology is
one of the most promising alternative to convert the biomass into useful products and
energy. The total characterization of the products from the pyrolysis of biomass is one
of the great challenges in this field, mainly due to their molecular complexity. Pyrolysis
is a process that causes degradation of biomass in a non-oxidative atmosphere, at rela-
tively high temperatures, producing a solid residue rich in carbon and mineral matter,
gases and bio-oil. The yield and properties of the products depend on the nature of the
biomass and the type of the pyrolysis process (type of reactor, temperature, gas flow,
catalyst). Due to the high molecular complexity of bio-oil, many different technical had
been developed to their complete characterization. This chapter describes the principles
of the techniques and main application of chromatographic methods (GC, LC, GC x GC,
LC xLC, Nano-LC) in the analysis of bio-oils derived from thermo-degradation of bio-
masses. Especial attention is carried out to two-dimensional techniques that represent the
state of the art in terms of separation, sensibility, selectivity and velocity of data acquisi-
tion for characterization of complex organic mixtures. For proper use of bio-oil in the
chemical industry, it is essential the identification and unambiguous determination of its
major constituents. Only then, it is possible to propose a recovery route of some of these
components for the development of an industry dedicated to a bio-refinery. For this,
chromatographic methods, especially GC x GC/MS, are fundamental because they allow
analysis with high sensitivity and accuracy in identifying each constituent of the bio-oil.
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1. Introduction

The current world energy scenario shows a tendency to decrease the use of mineral resources
source, considering its environmental impact, the socioeconomical and market problems if
compared to renewable sources [1-3]. In addition, the diversification of energy sources is
necessary in order to meet the growing energy demand. In this context, it arises the biomass
coming from different sources of natural resources, which is a renewable alternative, abun-
dant and suitable for competition with conventional fossil fuels [3, 4]. The biomass conversion
into solid, liquid and gaseous products by pyrolytic technology is a promising alternative to
convert the biomass into useful products and energy [5-7]. The total characterization of the
products from the pyrolysis of biomass is one of the great challenges in this field, mainly due
to their molecular complexity [8].

Pyrolysis is a process that causes degradation of biomass in a non-oxidative atmosphere, at rela-
tively high temperatures, producing a solid residue rich in carbon and mineral matter, gases and
bio-0il [6, 7, 9, 10]. The yield and properties of the products depend on the nature of the biomass
and the type of the pyrolysis process (type of reactor, temperature, gas flow, catalyst) [7, 11-13].

One of the main products of biomass pyrolysis is the bio-oil and, due to its high molecular
complexity, it has been subject of several characterization studies in order to identify its com-
pounds and indicate their best uses [8, 10, 14, 15].

This chapter describes the principles of the techniques and main application of chromato-
graphic methods (GC, LC, GC x GC, LC x LC and Nano-LC) in the analysis of bio-oils derived
from thermo-degradation of biomasses. Especially, attention is done to two-dimensional tech-
niques that represent the state of the art in terms of separation, sensibility, selectivity and
velocity of data acquisition for characterization of complex organic mixtures.

2. Pyrolysis of biomass

Energy production in the twentieth century was dominated by fossil fuels (coal, oil and gas)
that represented, still in the beginning of the century, about 80% of all energy produced in the
world. Nuclear power, hydropower and renewable energy sources (solar, wind, geothermal
and small hydropower plants), which are the most attractive from an environmental point of
view, represented only 1.5% of world production in those years [1]. Currently, the depletion
of natural resources of coal and oil, together with the greenhouse effect, has attracted great
interest for the production of sustainable energy [2]. The search for alternative fuels has led
some countries to opt for biofuels, which in turn increased interest in energy from biomass [3].

The conversion of biomass into fuels and chemicals can economize fossil reserves and thus
boost research, social and economic activities, especially in countries where the biomass is
an abundant raw material in the agro-industrial sector [4]. The use of renewable sources for
obtaining chemicals such as bio-plastics, bio-fertilizers and bio-polyesters can help reducing
the demand of insumes from petrochemical origin.
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The biomass can be converted into energy using thermal, biological, mechanical or physi-
cal processes. The biological processing (biological catalysis) is very selective and pro-
duces a discrete number of products in high yield, but it requires a raw material containing
sugar or carbohydrates and a water content exceeding 40% [5]. The thermochemical meth-
ods are more suited to dry biomass (moisture content <10%) and rich in lignin (which
is less suitable for biochemical conversion, since it is hardly broken through enzymatic
activity), such as wood and agricultural waste. Furthermore, the thermal conversion pro-
cess provides often multiple products in a short reaction time, typically using inorganic
catalyst to improve the quality of the product. The main processes used for the thermal
conversion of biomass into a more useful form of energy are combustion, gasification and
pyrolysis [5, 6].

Pyrolysis is defined as a thermal decomposition of the biomass that occurs in the absence of
oxygen at temperatures between 350 and 700°C, producing gases, liquid and solid products
[5, 7]. Processes using lower temperatures and long residence time favor the production of
charcoal, while processes using higher temperatures and long residence time increase the
conversion of biomass into gas. A great production of liquids is favored using processes at
moderate temperature and short residence time [9, 10]. It should be noted that the three prod-
ucts are always generated, but the proportions may be varied by adjusting the process param-
eters such as heating rate, gas flow, pressure, particle size of biomass and residence time of
the biomass in the reactor [6, 11]. Also in accordance with these parameters, the pyrolysis can
be classified as slow, fast, flash, catalytic or vacuum [12, 13].

The slow pyrolysis, or carbonization, employs low temperatures and long residence times,
favoring the production of charcoal. In the case of fast pyrolysis, the heating occurs at higher
rates (above 20°C min™), while in the flash pyrolysis, heating rates are between 500 and
1000°C s [14].

Fast pyrolysis produces 60-75% by weight of bio-oil (liquid) 15-25% by weight of biochar
(solid) and 10-20% by weight of noncondensable gases, depending on conditions and the
biomass used. The solid residue from this process can be charcoal or ash only, depending
on the final temperature and on the content of mineral matter originally present in the bio-
mass used. This residue can be used as fuel or as a soil additive or still for the production of
ceramic material. The gas produced can be recycled back to the process and facilitating cleav-
age reactions of the original biomass [14]. The main objective of fast pyrolysis is to prevent
the breakdown of primary products in small noncondensable gas molecules, or even prevent
them from being recombined and polymerized. In any of these cases, it obtains a smaller yield
of bio-oil [10].

The order of the reactions that occur during the pyrolysis process and the yield of obtained
compounds will depend on parameters such as the heating rate, the pyrolysis temperature,
pretreatment of biomass and catalyst effects. The study of these reactions and the effect of
these parameters are important for obtaining high yields of the desired products [5]. To per-
form the pyrolysis, it can be used different types of reactors, according to the main purpose
of the process.
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2.1. Pyrolysis reactors
2.1.1. Fixed bed reactors (FxBR)

In this type of pyrolysis reactor, the fluid phase (gas) passes through the particulate solid
phase (biomass). This FxBR aims to promote intimate contact between the phases involved in
the process—the gaseous fluid phase with the stationary phase (particles of biomass) [15-22].
The FxBR is constituted by tubular structures of stainless steel or quartz, being used as an
oven or grill support during the controlled heating of the system. The inert gas passes through
the compartment with the biomass (in steady state) carrying the products out of the reaction
bed during the pyrolysis [15]. Typically, units for feeding biomass, ash removal and outlet or
collecting gases are added to these reactors. Such reactors operate with high residence time of
the biomass in the oven and low inert gas velocities [16-22]. In this way, they are considered
suitable for research in laboratory scale or bench. Some units operating in China can convert
up to 600 kg/h of biomass to bio-oil [23].

Pyrolysis in FxBR is very used to the slow pyrolysis, with the main purpose of producing coal
or ashes.

2.1.2. Fluidized bed reactors (FzBR)

In this type of reactor, a fluid (gas) is passed through a granular solid material at high speed,
sufficient to suspend the solid material and cause it to behave like a fluid. This process known
as fluidization provides extensive use in studies on the pyrolysis of biomass and is ideal for
the technique of fast pyrolysis because it can achieve the necessary requirements for its real-
ization and is virtually the only ones used in the world on a commercial scale for the produc-
tion of biofuels and chemicals [24-27].

The FzBR operates with suspended solids by the action of rising gases, which are introduced
from the bottom of the reactor. To promote more effective heat transfer, there is used a bed
of solid particles, generally consisting of sand finely dispersed in the biomass itself [23, 28].

The rapid exchange of heat between the heat source and the biomass is one of the most impor-
tant points in the pyrolytic process. In this context, in FzBR, the dried and comminuted bio-
mass is introduced into the reactor, wherein, in the heating zone, the material remains in a
continuous movement, promoted by the carrier gas flow (inert gas), which maintaining the
reactor with a low oxygen content as it is heated to high temperatures (500-900°C) using a
heating rate between 100 and 500°C min™ [23, 29, 30].

Among the many advantages of this model, we can mention its ease of construction and oper-
ation, good temperature control, the operation at atmospheric pressure, the easy scale-up
and operation possibility with fine particle size biomass, which is common in agriculture,
in forestry and industry. Beside this, the reactor has an excellent heat exchange between the
heat source and the biomass, and an efficient gas-solid contact due to the movement of the
particle bed. This effective contact simulates an isotherm condition, which implies an opera-
tion more secure and with optimum performance, generating yields of liquid products of
approximately 70-75% by weight (dry basis), minimizing side reactions [24, 26].
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But, the heterogeneity of the residence times in the reactor due to the agitation of the solids
in the bed can compromise the uniformity of the products. Moreover, the wear caused by the
moving particles and agglomeration of ash produced with the inert bed material may lead to
loss of fluidization and therefore the pyrolytic process [23, 25, 28]. Therefore, the successful
application of this technology depends on understanding and overcoming their disadvantages
and thus the development of a reactor that meets the needs of the pyrolysis process in a whole.

Several research groups in the development of fast pyrolysis use the fluidized bed reactor.
Among the many examples, one can cite: the Union Fenosa located in Meirama, Spain, which
has a pilot plant with biomass feed capacity of approximately 250 kg h'. Still in Europe, the
Wellman Company in the UK, which has a pilot plant with a capacity of 200 kg h™, in Canada,
the DynaMotive, which employs a pilot plant with capacity of 8000 kg h' [23, 24].

2.1.3. Continuously feeding reactors (CFRs)

Continuously feeding reactors (CFRs) are those which operate at all times with an input a spe-
cific substrate(s) and output of product(s). These types of reactors are widely used in indus-
trial scale [31].

In general, CFRs offer reduced fixed and operating costs and improve heat exchange capabil-
ity [31, 32]. Furthermore, they provide an increase in quality of the final product, since the
variations that exist between batches are eliminated [33]. Continuous processes are still able
to reduce losses caused by operational problems during the process, and it is not necessary to
interrupt the production line [33] (start-up and shutdown). The applications of these reactors
are aimed to minimize the difficulties encountered in the process on an industrial level using
reactors in pilot scale [31].

2.2. Catalytic pyrolysis

Studies of the composition of bio-oils obtained by pyrolysis of various biomasses (rice husk,
coconut husk fiber, core tropical fruits, straw sugarcane, wood residues, etc.) found that the
volatile fractions of bio-oils consist of a complex mixture of different classes of compounds
such as, ketones, phenols, aldehydes, hydrocarbons [8, 15, 34—40]. These bio-oils have physi-
cochemical characteristics that avoid their direct use as fuel, without any treatment. One of
the reasons is its high oxygen content, thus leading to a high chemical instability during stor-
age hindering their production on an industrial scale [41].

For industrial use of bio-oil, some enhancement process is needed (upgrading). The cata-
lytic pyrolysis has emerged as an alternative for improving the quality of liquid products of
pyrolysis acting as an upgrading process of bio-oil. The main variable of this process is the
type of catalyst used, in particular those able to considerably reduce its oxygen content [41].

A method used worldwide is the hydrodeoxygenation (HDO), which converts and fragments
heavy molecules in the biomass into hydrocarbons with lower oxygen content by the catalytic
addition of hydrogen [42]. This process has been studied with the aim of producing a liquid
mixture of hydrocarbons that do not have the undesirable properties of bio-oil and thus can
be used as fuel. This method is considered the most efficient for the upgrading of bio-oils [42].

75



76

Frontiers in Bioenergy and Biofuels

Several catalysts can be applied for HDO, being necessary the use of high temperatures and
pressures, under an atmosphere of H,. The most used are those consisting of cobalt and nickel
and may be supported on alumina (AL Q,), silica (SiO,), carbon, zeolites (ZSM-5), among oth-
ers [43, 44].

The H-ZSM-5 catalysts, for example, have strongly acidic active sites, which can supply
hydrogen for the pyrolytic reactions, favoring the deoxygenation of bio-oil. Thus, the great
advantage of the use of zeolites for production of bio-oils is the possibility of working on
hydrogen-free atmosphere and the use of ambient pressure during the catalytic pyrolysis
process [45].

Zeolites have been shown to be highly effective for converting lignocellulosic biomass into
aromatics through catalytic pyrolysis. Whereas this type of biomass has low amounts of
hydrogen in their composition (low H/C ratio), the maximum yield of hydrocarbons that
can be obtained in the absence of H, as external reagent is limited. Thus, an upgrading using
zeolites generally results in yields of aromatic hydrocarbons and olefinic near 30% [46, 47].
In addition, in the catalytic pyrolysis occurs greater coke formation when compared with
conventional pyrolysis [48].

Catalysts conventional hydrotreating as Co-Mo and Ni-Mo and supported noble metal cata-
lysts have been studied to produce stable products with high calorific value from pyrolysis
[49], however, require high pressures of H, that lead to hydrogenation of the aromatic ring,
resulting in reduction in calorific value and increase in H, consumption [50].

2.2.1. Catalytical pyrolysis in-situ versus ex-situ

Depending on the method of contact of catalyst and vapors of the pyrolysis, catalytic pyroly-
sis can be classified as in situ or ex situ.

In the in situ catalytic pyrolysis, the catalyst is mixed with the biomass to be pyrolyzed. Thus,
the most suitable type of reactor for this is the fluidized bed reactor since this biomass is
directly mixed with the catalyst. As the catalyst is exposed to a concentrated stream of vapors
generated by depolymerization of the biomass components, the catalysis reactions are facili-
tated [51-54].

For the ex situ catalytic pyrolysis, biomass is pyrolyzed in a separate compartment of the
catalyst. The pyrolysis vapors generated in the first compartment are diluted in an inert gas
which is inserted between the two compartments being transported into a second compart-
ment which is filled with the catalyst. As the second gas flow between the compartments, the
contact time with the catalyst decreases [51]. An advantage of this technique is the use of dif-
ferent temperatures for both the pyrolysis reactor and for the catalysis reactor, thus allowing
the use of catalysts which are sensitive to high temperatures [51-55].

2.3. Microwave assisted pyrolysis (MWAP)

The different pyrolysis processes have various conventional and unconventional heating
methods. The development of an efficient heating method, with a precise control of heating
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parameters and with a reduction of adverse effects on the quality of the product is one of the
challenges to be overcome in the development of efficient pyrolytic processes [56]. The use
of microwave can be an efficient way of heating the biomass in a thermochemical conversion
processes. Tech-En Ltd (UK) did the first study of the use of microwave pyrolysis in early
1990 [57, 58]. This is a technology which can be a very effective alternative for pyrolysis of
biomass, presenting several advantages such as reduction in waste volume, fast heating, bet-
ter chemical reactivity, ease of control, energy saving, overall cost-effectiveness, portability of
equipment and processes, a cleaner source of energy compared to conventional systems [59].

Microwave heating allows a more careful control of the parameters of the pyrolysis process,
enabling the maximization of the production of liquids or gases, once these parameters may
induce or modify specific chemical reactions resulting in different product profiles. The pro-
cess can be modulated, aiming the product optimization in accordance with conditions of
temperature, power and residence time used [60].

The biggest advantage in the use of microwave heating as compared with the conventional
process is the significant reduction in temperature and consequent energy gain in the pyroly-
sis process [61].

Another important aspect of the heating by microwave is capability to obtain basically the
volatile organic compounds at lower temperatures when compared to conventional heating.
Moreover, obtaining bio-oil and gases is nearly synchronized. This heat and mass transfer
characteristics of the process are related to the selective heating of the components to absorb
the microwave with more intensity [60].

Obtaining a greater heating uniformity in the process may be possible if the temperature is
homogenized at some point during the process, so that, without this, different product com-
positions are obtained due to the temperature profile formed [60].

Furthermore, the temperature selection depends on the desired product. Processes at low
temperatures provide greater bio-oil yields and lower energy cost. The determination and use
of the appropriate power to microwave are also important. Lower powers, with lower heating
rates favor formation of biochar, whereas higher power with higher heating rates favors the
gasification reaction. In both cases, there is a reduction in the yield of bio-oil [60, 61].

The use of microwaves also has some challenges for the applying in the pyrolysis such as the
need for different systems for measuring the temperature [62], the limitation of usable materi-
als for propagation of microwave [63] and obtaining heating equipment compatible with the
process and with an efficient scale [64].

2.4. Pilot plants of pyrolysis

The pilot plant consists of many components (steps/processes) that together form a unique
process, which enables testing technologies to evaluate the quantity and quality of products
desired [65, 66]. According to RESEM®, a Sino-American Company specialized in equipment
for pyrolysis [61], there are different sizes of pilot plants, reactors differentiated according to
the type and number of samples to be processed or products to be produced [67, 68].
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The development of new technologies for the production from clean energy sources [69, 70],
are associated with the emergence of pilot plants for the production of bio-oil through pyroly-
sis of biomass in both, laboratory and industrial scale, mainly because it is a simple, reproduc-
tive and fast process [71].

Pilot plants are equipments that consist of a closed or open system with physical, chemical
and thermodynamic operation, in order to perform a technological process on a small scale.
So, a prototype, designed for industrial processes, can be installed either in research labora-
tories or in industries [66]. In these prototypes, new and different technologies, shapes, sizes
and physical structures for generating and processing information for use in pyrolytic sys-
tems can be tested before the scale-up [67].

According to Figure 1 that shows one graphic with the research scenario related to global pat-
ent on the theme in pyrolysis plant, from 1940 to this year, they were deposited 673 patents
worldwide [72, 73].
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Figure 1. Distribution of patents related to pyrolysis pilot plants in the last 80 years (according https://patentes.google.
com and https://patentscope.wipo.int [72, 73]).

Few of these patents actually generated commercial pyrolysis plant, indicating the need a lot
of investment in this regard, especially in countries with great potential for use of biomass
and lower oil reserves. As already described, in recent decades, there has been a growing
concern about the processing of biomass through pyrolysis due to the interest in their prod-
ucts, both biochar [74], as bio-oil. In this sense, grow-related searches to biomass conversion
technologies studies from laboratory scale to the development of bio-refinery [75] involving
processes for the production of fuels and chemicals [76, 77].

The experimental setup on a pilot scale is based on the adjustment process through the system
variables, and especially in the reactor used technology.
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The reactors in pilot plants can be classified in two systems [78]:

¢ Batch system: The biomass is loaded at the beginning and from there it collects the prod-
ucts and the flow is not continuous.

¢ Continuous system: The biomass remains in continuous flow and the products generated
are also continuously collected.

With the technological advancement of pyrolysis technique, some models of reactors have
been exploited to optimize the process, cost and quality of the products generated, and the
main ones are the fluidized bed (bubbling and circulating), in addition to these, some others
can be found like fixed bed, ablative, vacuum, rotary cone, plasma, microwave and solar,
among others [79-99].

2.4.1. Fixed bed pilot reactor

The pilot fixed bed system, similar to the bench reactors (Section 2.1.1), consists in fixed reac-
tor with an inert carrier gas, similar to the bench scale. The technology of the fixed bed reactor
is considered simple, reliable [100], and efficient for the production of bio-oil in the pilot plant.
In these reactors, the solids move down and collide in counter current with a heated inert gas.
They are used in small-scale productions [101]. The cooling and cleaning gas system consist
in a filtration and in the use of separators cyclones. The biggest problem is associated with the
removal of bio-oil and losses involved in this process.

The fixed-bed pilot plants developed from the late 1980s, with a final capacity of 5 tons per
day are considered small, from the point of view of the transfer for industry, considering that
these technologies are still in development stages for commercial applications.

2.4.2. Fluidized bed pilot reactor

As mentioned in Section 2.1.2, in the pilot fluidized bed reactor, a mixture of fluid and solid is
obtained by introducing a pressurized fluid through the solid particles with smaller diameter
[102, 103]. The general scheme of this type of reactor is very similar to that used in fluidized
bed in bench scale.

Two main types of fluidized bed reactors are used in pilot plant:

Bubbling fluidized bed reactor: According to the literature [104], the bubbling bed reactors are
simple to construct and operate. They provide a better ability to control the temperature,
fluid-solid contact, heat transfer and capacity of storage of solids. Heated sand is used as a
bed solid phase, rapidly heating the biomass in an oxygen-absent atmosphere. The biomass
is decomposed into coal, steam, gas and aerosols. The fluidized gas stream entrains the com-
pounds produced out of the reactor [105].

After the pyrolytic reaction, biochar is removed by a cyclone separator and stored. An impor-
tant factor for the full operation of these reactors is that the biomass needs to be in small par-
ticles (less than 2-3 mm) to achieve high heating rates in the oven.
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Circulating fluidized bed reactor: It has similar characteristics to the reactor in bubbling fluidized
bed except for the shorter residence time. This design results in higher speed and higher yield
of bio-oil compared to fluidized bed reactors [106]. The reactor moves around its main axis.
One advantage is its high performance even with a more complex hydrodynamics.

2.5. Bio-oil from pyrolysis of biomass

The bio-oil, or pyrolysis oil, is a dark brown color liquid with a characteristic smell and com-
prising a complex mixture of hydrocarbons and oxygenated compounds with an appreciable
amount of water, originated from the natural moisture of the biomass as well as a product of
reactions that occurred during the pyrolysis process [26, 41, 107].

The literature registers that the bio-oil can contain more than 400 different chemical com-
pounds from different chemical classes, varying among organic acids, aldehydes, ketones,
alcohols, esters, furans, sugar derivatives, phenols, among others [108, 109]. In addition to the
oxygenated compounds, many aliphatic and aromatic hydrocarbons can be found [8].

The anhydrous-sugar levoglucosan (1, 6-anhydro-f-p-glucopyranose) is the main component
of bio-oil, being derived from the thermal depolymerization of the cellulose and from it, many
other sugar derivatives can be formed. The yield of these anhydrous-sugars is affected by the
source of biomass and by the experimental pyrolysis conditions. The increase in pyrolysis
temperature reduces the concentration of levoglucosan, in contrast to other products because
it stimulates breakdown of this molecule [110].

Mixtures of compounds as phenols, cresols and catechols (monomers and oligomers) are
formed from the lignin [111, 112]. Phenolic compounds found in bio-oils are composed
mainly of simple phenols with a hydroxyl and which may contain other substituent group
on the benzene ring, forming mixed functions (carbonyl, carboxyl, alkyl or aryl radical) [108].

Due to the presence of acids, especially acetic and formic, bio-oil may show pH values in the
range 2—4 [41, 113] that constitutes a problem, since it will affect storage conditions (equip-
ment, transport) and its processing [113, 114].

The oxygen content in bio-oil is approximately 35-40% by weight. The specific composition
depends mainly on the type of biomass used, the pyrolysis conditions (temperature, residence
time and heating rate) and the storage conditions of bio-0il [10, 41, 113]. The high oxygen concen-
tration results in a low energy density that is less than 50% of the value for conventional oils. It
also affects the bio-oil miscibility with other petroleum fuels and the stability of bio-oil [41, 114].

The water constitutes 10-30% bio-oil, and their quantity depends on the original biomass, and
the pyrolysis conditions, since the moisture is coming from biomass and also from dehydra-
tion reactions taking place during pyrolysis [41, 108, 113]. Depending on the feedstock and
process conditions, the ratio of aqueous and oil phase can vary from 50:50 to 30:70, and the
presence of two phases can hinder the application of bio-oil. This high water content may
cause problems in the ignition engines by reducing the rate of vaporization of the oil, which
prevents its application directly as fuel [115]. In many instances, drying the biomass prior to
the pyrolysis is sufficient to reduce this problem.
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The instability of bio-oil is mainly due to the presence of highly reactive organic compounds
(ketones, aldehydes, organic acids), which can undergo reactions to form ethers, acetals or
hemiacetals [41, 116]. This kind of reactions may increase the average molecular weight oil,
water content and its viscosity, resulting in a low quality oil and that, when stored, results in
phase separation. However, the addition of polar solvents such as methanol or acetone can
significantly reduce the viscosity of the bio-oil [41].

The ash content of the bio-oil can also cause problems in some applications. The composi-
tion of the ash is dominated by alkali metals (potassium and sodium) that are responsible for
severe corrosion and deposition turbines on heating surfaces during combustion [115, 117].

However, the crude bio-oil, before use as fuel, must be chemically modified through complex
processes such as hydrodeoxygenation, hydrocracking, decarbonylation or decarboxylation
to reduce oxygen content, which is the main unwanted constituent in the bio-oil for energy
purposes [113]. Another alternative improving (upgrading) of the bio-oil is catalytic pyrolysis
using zeolites alumina or metals as catalysts [114].

For the use and recovery of chemicals from bio-oil can be used conventional separation tech-
niques, such as solvent extraction, column chromatography and distillation (single, fraction-
ated, or under vacuum). Solvents commonly used for extraction of compounds of interest
in bio-oil include water, alcohols, ethyl acetate, hydrocarbons such as toluene and mixtures
thereof [108].

Fractionation in open or pressurized column has also been used as a pretreatment for the
separation of compounds from bio-oil [118-120].

Among its uses, bio-oils are potential fuels to diesel engines, gas turbines and boilers. They
can be used also as raw materials for obtaining hydrocarbons by catalytic conversion or
hydrotreating [121]. Considering its phenolic fraction, bio-oil appears as a substituent for pet-
rochemical phenol in the production of phenolic resins (phenol-formaldehyde) or can be used
in pharmaceutical, food or fine chemicals industries [108, 122]. Furthermore, bio-oil may be
fractionated to obtain many other products of commercial interest, such as abrasives, filter
elements, battery separators, electric components, refractory materials, adhesives for wood,
paints, varnishes, enamels, etc. [8, 123].

The reaction of bio-oil with ammonia, urea or other amino compounds produces amides and
amines stable, nontoxic to plants and can be used as organic fertilizer. The bio-oils derived
from wood residues can be commercially applied in smoking food [10]. In case of bio-oils
with high concentrations of hydrolyzable sugars, it may be favorable to the production of
ethanol by fermentation, whereas bio-oils with high phenol content are mentioned as attrac-
tive starting material for the production of adhesive [123].

As application examples of some of the most important bio-oil compounds can be mentioned:
the levoglucosan (food additive, pharmaceutical industry); the levoglucosenone (synthesis
of antibiotics and rare sugars); furfural (pharmaceuticals, pesticides); acetic acid (chemical
industry); formic acid (wood preservatives, antibacterial agents); and hydroxyacetaldehyde
(pharmaceuticals, fragrances) [124].
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2.5.1. Aqueous phase of bio-oil

As mentioned above, the amount of aqueous phase in the bio-oil will depend on the original
biomass composition, its original moisture and the pyrolysis conditions [108, 113]. However,
it cannot be removed by conventional methods such as distillation [10]. The phase separation
will occur when the amount of water exceeds the maximum level in bio-oil (usually above
30-45%) or by extraction methods [125].

The addition of water allows to readily separating the bio-oil into organic and aqueous phase.
The aqueous phase contains mainly components of higher polarity, such as levoglucosan and
other anhydrous-sugars, furan, furfural, organic acids of low molecular weight, hydroxyac-
etone, hydroxyacetaldehyde and guaiacol [126-128]. The separation of the aqueous phase of
the bio-oil is also commonly performed using dichloromethane and sodium bicarbonate solu-
tion, obtaining an acid extract [129, 130]. Although solvent extraction is widely used in phase
separation of bio-oil, it can affect the qualitative and quantitative composition of the extracted
sample due to the different affinity of the solvent for each class of chemical compounds pres-
ent in the sample [131].

The aqueous phase of the bio-o0il cannot be directly discarded as wastewater, since some com-
pounds may be above discharge limits. Different processes may be applied for the treatment
of wastewater together with the pyrolysis process or subsequently in a wastewater treatment
plant [132, 133].

Currently, several studies have been conducted for the treatment of aqueous phase and the
application of its compounds as industrial raw material. Upgrading processes such as the
hydrodeoxygenation and moderate catalytic cracking allow the production of hydrogen,
hydrocarbons, alcohols and olefins from the aqueous phase [127, 130, 134].

Due to high amount of oxygenated compounds from C2 to C6 such as aldehydes, ketones,
acids, and carbohydrates, several gasoline additives, alcohols and diols can be produced from
the aqueous phase by hydrogenation processes [135, 136]. Light alkanes C1 to C6 and liquid
alkanes C7 to C15 may also be produced from the aqueous phase carbohydrates through
upgrading processes as dehydration and hydrogenation [137].

The sugars present in the aqueous phase (levoglucosan, pentoses and hexoses) are recognized
as key compounds for the production of furan derivatives, such as furfural and 5-hydroxy-
methylfurfural [126]. The conversion of sugars into furan derivatives can improve the eco-
nomic perspective for using the aqueous phase as source of raw material for a wide variety
of chemicals [124, 126].

The acidity of the aqueous phase, as already mentioned [127], can cause corrosion in equip-
ments (based on carbon steel); however, these organic acids may also be valuable byproducts
that can be used in industry as solvents and wood preservatives [124, 127].

2.6. Analytical techniques applied to bio-oil and aqueous phase

The full chemical characterization of pyrolysis oils is very complex, mainly because they are
formed by the degradation of carbohydrates and lignin, that have an abundant content of water
and a great variety of organic functions associated a small amount of inorganic material [138].
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The composition of bio-oils can be divided into four distinct fractions: moderately polar
monomers, detectables by GC (40%); polar monomers directly detectables by HPLC or by
GC after derivatization (12%); water (28%); lignin and pyrolytic materials (20%) [139] not
detectables by GC.

Gas chromatography is the most widely used technique in chemical analysis of bio-oils and
other complex mixtures. Despite its wide application, the GC [7, 107, 110, 111] has some limita-
tions when applied to mixtures with a great variety of compounds and different concentration
ranges. Co-elution is a major impediment for the separation and unambiguous identification of a
compound. In this sense, there was developed the comprehensive two-dimensional gas chroma-
tography (GC x GC) which is being applied to this kind of sample [8, 15, 119, 140], which greatly
reduces the number of co-elutions in a chromatogram, through two dimensions separations.

Known since the 90s, the GC x GC is an analytical tool that differs from other techniques due
to the sequential use of two chromatographic columns, which allows a significant increase in
selectivity, favoring the structuring of the peaks in the chromatographic space. Regarding the
dimensional gas chromatography, GC x GC shows most significant increase in the sensitivity
and resolution, allowing a higher peak capacity, that is, a higher number of peaks separated
and identified [141, 142].

Studies employing liquid chromatography for characterization of bio-oils have also been
recently undertaken [143-149]. In view of the complexity of the samples, the comprehen-
sive two-dimensional liquid chromatography (LC x LC) [150] in the same way as it happens
for GC x GC becomes an important tool for characterizing bio-oils, because there is a large
increase in the resolving power when compared to one-dimensional methods. Another great
alternative is the use of micro HPLC columns that allow very small mobile phase flows, facili-
tating the coupling to more efficient detectors than conventional ones [151-153].

3. Gas chromatographic methods applied to the analysis of bio-oils

3.1. One-dimensional gas chromatography (1D-GC)

One-dimensional gas chromatography (1D-GC) coupled to mass spectrometry (GC/MS) or
flame ionization detector (GC-FID) is an important analytical tool that provides chemical profile
information of bio-oil, aiming its correct destination as fuel or in the chemical industry. There are
several studies in the literature about the use of 1D-GC to chemical characterization of bio-oils
from pyrolysis of various biomasses [12, 154, 155]. The large Brazilian biodiversity contributes
to many options of biomasses, significantly increasing the total number of identified chemical
compounds and the potential use of these materials. There are several studies using 1D-GC to
analysis of bio-o0il from Brazilian biomasses such as straw and sugarcane bagasse (Saccharum
officinarum) [38, 70, 156], eucalyptus sawdust (Eucalyptus globulus) [70, 156], Amazon tucuma
(Astrocaryum aculeatum) [157], mangaba seed (Hancornia speciosa) [39], coconut fiber (Cocos
nucifera) [34], fruit of palm (Arecaceae) and pine wood (Pinus) [158], among others. A large part of
this work has employed the GC/MS to identify families and major compounds, usually contain-
ing oxygen in its constitution, as phenols, furans, alcohols, ketones, aldehydes, esters and car-
boxylic acids, regardless of the biomass used. As an illustration of this type of analysis, Figure 2
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shows the chromatogram of a sample of sugarcane straw bio-oil using the GC/MS system with
DB-5 column (60 m x 0.25 mm x 0.25 um), developed in our laboratory. In this work, 208 and 336
compounds were detected in the analyzed bio-oil sample directly and by SPME with PDMS
fiber, respectively. Among these, 33 and 35 compounds were identified in two cases.

(A)
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Figure 2.Total ion chromatogram (GC/MS) for bio-oil (A) and SPME (B) of the pyrolysis of straw sugarcane.
Chromatographic Conditions: DB-5 column (60 m x 0.25 mm x 0.25 pm); oven temperature: initial oven temperature was
40°C, hold for 2 min, heating to 280°C at a 5°C/min, where it stayed for 2 min.

In general, phenolics compounds are the most family in the majority of bio-oils. Phenols are
widely used in fine chemical industry, food processing, pharmaceutical and production of
phenolics resins [34, 108, 158].

Hydrocarbons (saturated, unsaturated and aromatic) are also identified by GC/MS in most
bio-oils; however, their percentage is very small compared to other components, with few
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exceptions. In the study of Santos et al. [39] were identified various hydrocarbons (saturated,
unsaturated and aromatic) through GC/MS in the bio-oil from pyrolysis of mangaba seed
(Hancornia speciosa). The total relative area of peaks which is one of the ways used to esti-
mate the quantitative composition of bio-oil ranged from 8.1 to 13.8% of total compounds
tentatively identified in this bio-oil. In this same work, carboxylic acids were the family
of major compounds found (from 72.5 to 84.4%). Carboxylic acids, although lower qual-
ity becomes the bio-oil, are possible hydrocarbon precursors, enabling further study of the
bio-oil upgrading.

Patel et al. [54] characterized by GC/MS the crude bio-oil from sugarcane bagasse produced
by fast pyrolysis in a fluidized bed and evaluated the efficiency of Mo,C/Al O, catalyst in the
deoxygenation and quality of bio-oil. The catalyst resulted in an increase in the content of
phenolics and furans, which arouse great industrial interest.

Spila et al. [159] developed a method for separation and analysis of the aqueous fraction of
bio-oil by adding water to raw bio-oil followed by extraction with ion exchange resin and
ethyl ether. The ether soluble compounds were analyzed by GC/MS, since the insoluble frac-
tion was evaporated and solubilized in methanol for analysis (GC/MS, CHN and pyrolysis-
GC/MS). The characterization method was applied to bio-oils derived from wood, scots pine
and wheat straw. Further studies have applied the same separation method to different bio-
mass such as forest waste [160] and wood [161] with subsequent chromatographic analysis
(GC/MS and GC-FID).

Wiggers et al. [162] performed a study on pyrolysis of soybean oil at pilot scale, in continuous
system aiming higher yield of bio-oil. The authors conducted a prior distillation to separate
light bio-oil fractions (LBO) and heavy bio-oil fractions (HBO). Various hydrocarbons were
found in bio-oil and benzene, toluene, ethylbenzene, p-xylene, o-xylene and linear hydro-
carbons (C, to C,,) being the majority for LBO; while for HBO the majority were fatty acids,
toluene, ethylbenzene and linear hydrocarbons (C; to C,).

Owing to the industrial importance of phenols and furfural, the author highlights the refining
of the aqueous phase can extract these aromatic compounds of high value to the industry.

GC/MS can be also coupled directly to one pyrolyzer system since it is required to just check
the potential of the chosen biomass to generate bio-oil, since the amount of sample used in
this case is very short not allowing further analysis with the bio-oil produced. This technique
is known as analytic pyrolysis and represented by Py-GC/MS.

3.2. Pyrolysis-gas chromatography/mass spectrometry (Py-GC/MS)

Analytical pyrolysis (Py-GC/MS) is an important characterization tool of the products gen-
erated by the pyrolysis of lignocellulosic material, in addition to allowing a better under-
standing of the function and effects of catalysts for the production of hydrocarbons or other
desirable compounds prior to the pyrolysis in analytical laboratory scale. Direct analysis of
condensable gases is held in a pyrolyzer coupled to a gas chromatograph with mass spec-
trometry detection (Py-GC/MS). In the pyrolyzer, a small amount of biomass is subjected to
a heat treatment and condensable gases are simultaneously separated and identified by their
mass spectra and retention times [163-165].
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The Py-GC/MS have advantages, such as the use of small quantities of biomass, which allows
the realization of several pyrolysis under various operating conditions (ratio catalyst/bio-
mass, temperature, heating rate, etc.), in a simple and fast way [166, 167]. Through Py-GC/
MS can also predict what kinds of industrial interest compounds are produced during the
process, which the effect of catalysts, and if inhibition occurs, etc.

Liaw et al. [165] studied the optimal pyrolysis temperature for two standards cellulose and
two different types of wood by Py-GC/MS, and yields variations were evaluated by PCA
(principal component analysis). The PCA showed that pyrolysis products can be divided into
groups and are strongly influenced by the nature of the raw material studied. However, the
levoglucosan represents those few compounds that are influenced by temperature because as
the temperature increases, its concentration decreases.

Barbosa et al. [168] developed method of determining the ratio between syringyl and guaiacyl
content (S/G) in lignins from eucalyptus wood by Py-GC/MS using different markers of syrin-
gyl and guaiacyl units. Traditional methods, which involve chemical degradation, generally
are laborious, time consuming and require large sample amounts. However, the method
developed by the authors is fast, uses very small amount of sample and highly sensitive.

The analysis of macauba fruit (Acrocomia sclerocarpa M.) [169] by Py-GC/MS revealed the for-
mation of alkanes, alkenes, dienes and cycloalkanes, being the main products the 2-propenal
and acrolein (triglycerides derived). In the bio-oil from the oil pulp, most of the compounds
found (71-79%) were aldehydes, cycloalkanes, alkenes and dienes. Through this method, it
was possible to observe the differences in composition of biomass and its influence on the
quality of bio-oil formed.

Py-GC/MS enables understanding of formation of fatty acids obtained by pyrolysis of seed
and babassu oil, studying their composition and fragmentation mechanisms of the com-
pounds produced by thermal degradation of the samples [170].

The evaluation of the use of different catalysts (ZnO, CaO, ZnCl, and MgCl,) to obtain bio-oil
from several biomasses [171-173] was also assessed by Py-GC/MS.

Despite numerous studies reported in the literature, 1D-GC has limitations when applied to
the characterization of complex sample, such as low resolution and co-elution, which lead to
incorrect identification of some analytes [112, 174, 175]. A wide range of chemical classes pres-
ent in the matrix of bio-oil also complicates the choice of chromatographic columns proper
polarity at all [165]. Therefore, currently, most jobs that show a characterization of bio-oil by
one-dimensional chromatography also make use of the characterization by chromatography
comprehensive two-dimensional gas (GC x GC).

3.3. Comprehensive two-dimensional gas chromatography (GC x GC)

The comprehensive two-dimensional gas chromatography (GC x GC) is a multi-dimensional
chromatographic technique that emerged in the early 90s [176]. Due to its high separation
power [177], GC x GC has been widely used use in the analyzes of pyrolytic bio-oils, once these
are complex mixtures and their composition can present more than 400 organic compounds
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belonging to a great number of distinct chemical classes. The bio-o0il composition may vary
according to the pyrolysis conditions and the kind of biomass chosen [178, 179].

This technique provides many advantages in relation to 1D-GC in the elucidation of the
composition of complex samples [177]. Among these advantages one can be highlighted
the increase in peak capacity, which leads to a better separation, not only between ana-
lytes, but also between them and the matrix. An increase in detectability, due to the narrow
chromatographic bands resulting from the modulation, may also be considered another
advantage.

Furthermore, the technique GC x GC compared to conventional gas chromatography also
provides an increase in sensitivity and a generation of structured diagrams that facilitate the
identification of unknown compounds [180-183].

The two-dimensional system consists of two chromatographic columns connected in series,
one with a standard size (normally 30 or 60 m length and 0.25 mm internal diameter) and
other shorter and with smaller diameter (~2 m length and 0.15 mm i.d.). A column set com-
monly referred as conventional consists of a nonpolar column in the first dimension (‘D) and
a polar or with intermediate polarity in the second dimension (*D). The two columns have
different separation mechanisms (orthogonal separation), that is, the first column performs
separation of compounds according to molecular weight or boiling point and second column
by polarity, providing a major breakthrough in the separation of complex samples [141, 177,
184-188].

Figure 3 shows a GC x GC system where is possible to observe the modulator between both
columns and some details of the peak processing. The modulators have the main function of
to continuously collect fractions from the first column, re-concentered them and to inject in
the second one [190-192]. This procedure is responsible for the increase in the signal-to-noise
and the decreasing in detection limits, if compared to 1D-GC [188].

In the graphical representation of GC x GC, the register of the detector signal versus retention
time is a continuous sequence of short chromatograms of each eluted fraction from the second
column. After this, tridimensional graphics can be constructed considering the detector signal
and the retention times in the first and second dimensions ('t, and *t) [191, 192].

Data acquisition from 2D-GC can be better explained viewing Figure 3b. In this figure, one co-
eluted peak corresponding to three analytes) eluted from the first dimension pass through the
modulator being fractionated and eluted from the second column. The crude chromatogram
originated corresponds to the sum of all the chromatograms obtained on *D. The second step
(Figure 2c is the transformation (by and adequate software) of these data in a two-dimensional
diagram ('t, x°t.). The last step is the tri-dimensional visualization of the results (Figure 2c
that was also performed by adequate software [182].

There are two main kinds of commercial modulators: thermal and with valves [193-196]. The
thermal modulators (as by heating or by freezing) present more utilization in GC x GC [193,
195]. The cryogenic modulators can use liquid nitrogen or liquid CO, and act as a cold trap
for the analytes [196].
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Figure 3. (a) GC x GC system; (b) three peaks co-eluted in the first dimension ('D); (c) transformation of raw data into
a two-dimensional chromatogram ('t, x*t.); (d) reconstruction process of chromatographic peaks forming the color
diagrams (two-dimensional and three-dimensional) [189].

GC x GC allows the utilization of several detectors, with few modifications to adapt them to
the low volume and high velocity of data processing. One can be highlight the flame ioniza-
tion detector (FID), time-of-flight mass spectrometry (TOF-MS) and quadrupole mass spec-
trometry (QMS) as the more used [197-203].

FID has been associated to GC x GC since the first works found in the literature, including the
initial researches in the bio-oil characterization [204-207].

GC x GC promotes high speed separations, providing very narrow peaks, requiring detectors
with equally rapid acquisition rates to get a sufficient number of points per peak [208, 209] to
permit quantitation. The detector scan should be short and its internal volume has to be small
[194]. The high acquisition rate of the FID (up to 200 Hz) [210] allied to a good response for
almost all organic compounds and its good performance in quantitative analysis justifies the
wide use of this detector in two-dimensional chromatographic analysis. The main difficulty
in the FID employment is that it does not provide structural information about the separate
peaks. Thus, detectors with mass analyzers gain space for identification and confirmation of
the separate compounds.

The TOFMS is particularly effective for GC x GC, since it presents acquisition rates between
50 and 500 Hz [180, 182, 197-203], making it the preferred choice among researchers for
these studies. The coupling of separation GC x GC with efficient detection TOFMS has an
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additional advantage, which is its higher sensitivity than the full scan mode over con-
ventional mass spectrometry detectors with quadrupole analyzer (qMS). Consequently,
TOFMS outperforms the other detectors in qualitative and quantitative analysis. The dis-
advantages of systems of this type analyzer are its relatively high cost, the need for proper
training and specific operating conditions for daily operation, especially due to its high
sensitivity [191].

The GC x GC-gMS system is also showing its potential to analyze complex samples [211-213].
Initially, quadrupole mass spectrometers showed very low data acquisition rates (up to
20 Hz) which made them too slow to use in GC x GC systems [214]. However, decreasing the
mass range investigated or monitoring only a few ions during the run, it is possible to obtain
a higher scan rate [191]. This has been the subject of research of several research groups [180,
208, 214, 215], that is, to develop quadrupole mass analyzers faster and comparable to TOFMS.
From this, it was introduced on the market a fast quadrupole system, which allows achieving
data acquisition rates above 50 Hz allowing their use coupled to GC x GC system [209, 216].

In recent years, it is possible to find a lot of research in the literature applying GC x GC in the
analysis of the chemical composition of bio-oils.

Among the initial studies of bio-oils through GC x GC, it can be highlighted the Works
of Marsman [205-207] and Sfetsas [174]. Marsman et al. [206, 207] evaluated the com-
pounds presented in the bio-oil from beech using GC x GC with FID and TOFMS detectors.
Authors used GC x GC-FID and GC x GC/TOFMS for the identification of approximately
248 and 368 compounds, respectively, with concentration higher than 0.3% in beech
(Fagussylvatica) hydrodesoxygenated (HDO). In these studies, it was also made a classi-
fication for these compounds, according to their chemical class into nine groups (acids,
aldehydes, ketones, furans, guaiacols, syringols, sugars, alkyl phenols, alkyl-benzenes).
The major compounds found in beech bio-oil were levoglucosan, hydroxymethyl furfu-
ral, furanone, furfural, mequinol and butanediol. Similarly, Sfetsas et al. [174] used the
GC x GC technique for analyzing three oils pyrolysis, in which were tentatively identi-
fied, approximately 96 compounds with concentration higher than 0.3%, classified in acids,
esters, aldehydes and ketones, hydrocarbons, aromatic hydrocarbons, phenols, sugars and
other compounds not classified. Acetic acid, levoglucosan and hydroxy-propanone were
the majority compounds.

Bio-oils derived from the fast pyrolysis of several Brazilian residual biomasses as orange
bagasse [217], peach core [15, 189], rice husk [15] and sugarcane straw [8] were recently
characterized by GC x GC. The analysis of bio-o0il from orange bagasse [15], without any pre-
treatment, by GC x GC/FID and GC x GC/TOFMS was compared. The last one showed better
results and 167 compounds were identified, belonging to acids, aldehydes, ketones, phenols,
esters, ethers and some nitrogen-compounds. From these, 26 compounds appeared in con-
centration above 1%.

Bio-oils from peach core and rice husk analyzed by GC x GC/TOFMS in a conventional set of
columns showed the presence of ketones, phenols, alcohols, ethers, acids, aldehydes sugar
derivatives and hydrocarbons, with around 500 peaks in each sample [15].
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Studying the bio-oil from peach core, by comparison with 1D-GC/qMS and GC x GC/TOFMS,
Migliorini et al. [189] observed the superiority of the multidimensional technique. Another
observation was the spatial structuration of the GC x GC color diagram, which allowed the
identification of all the isomers of C1 to C4 alkyl phenols.

This group of researchers also applies another tool for the identification: the dispersion
graphics (DG). These graphics, constructed using Excel™ software clarifying the distribu-
tion of compounds and allow to preview the presence of others homologues in a series of
compounds, like alkyl substitutes in phenols or in aromatic hydrocarbons. Figure 4 shows
examples of DG for the separation of alkyl phenols. The results from GC/MS and GC x GC/
TOFMS showed, for the same sample, 51 and 220 components, respectively. The chemical
classes found were alcohols, aldehydes, anhydrides, ketones, esters, ethers and phenols and
were observed by both techniques employed. However, using GC x GC were also found car-
boxylic acids, hydrocarbons and sugar derivatives such as levoglucosan [189].

The analysis of the aqueous extract of peach core pyrolysis is illustrated in Figure 5. This
figure has been an example of the spatial distribution of the constituents in a GC x GC/
TOFMS (Figure 5A) and an illustration of separation capacity offered by the second dimen-
sion (Figure 5B). In this last one, it is observed a separation of four peaks that co-eluted in
the first dimension and is adequately separated in the second one, giving mass spectra of
high purity.
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Figure 4. Dispersion graphic of the separation of phenols in the bio-oil from pyrolysis of peach core. Legend: C_represent
the side alkyl chain on the aromatic main chain of the phenols were x is equal to the number of carbon in the side chain.
Based on Ref. [91].
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Figure 5. (A) Color two-dimensional diagram for analysis by GC x GC/TOFMS of the organic extract of aqueous fraction
of the pyrolysis of peach core. (B) Example of chromatographic separation by GC x GC using the total ion current
chromatogram (TIC) and the extracted ion chromatogram (EIC) for the following compounds (a) C2-cyclopentenone, (b)
benzene acetaldehyde, (c) ethyl furandione and (d) ethyl furanone and their respective mass spectra. Chromatographic
conditions: column set: DB5 (60 m x 0.25 mm % 0.25 um) and DB17 (1.94 m x 0.18 mm x 0.18 pm); heating ramp: 40.0°C
(5.0 min)-3°C/min-270°C.

In the study of fast pyrolysis of sugarcane straw, Moraes and coworkers [8] used GC x GC/
TOFMS, infrared spectroscopy with Fourier transform (FTIR) and scanning electron microscopy
(SEM) to fully characterizing the products from the pyrolysis of sugarcane straw. The results of
the analysis of bio-oils have demonstrated efficiency in the combination of techniques, especially,
GC x GC/TOEMS, showed the presence of 123 compounds belonging, mostly, to the aldehydes
and carboxylic acids. Maciel et al. [218] also studied the fast pyrolysis of sugarcane straw by
GC x GC/TOEMS, but researching the aqueous phase of this process. They found that this phase is
very similar to the bio-oil but enriched more soluble phenols, such as ortho, meta and para cresols.
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The technique using GC x GC with detector quadrupole mass detector (@QMS) is growing and
showing the efficiency of this detector coupled to two-dimensional gas chromatography. In
work carried out by Da Cunha et al. [119] and Schneider et al. [219], using a set of conventional
speakers have shown the potential of the technique to evaluate the straw pyrolysis product of
sugar cane and forest wood sawdust (lignocel). The bio-oil from pyrolysis of sugarcane straw
was fractionated on a silica column with pressurized liquid, being separated hydrocarbons of
other polar fractions. In this sample, 166 compounds was to find including carboxylic acids, alde-
hydes, ketones, esters, phenols, ethers, alcohols and sugar derivatives in the polar fraction, and,
the nonpolar fraction, were formed from aromatic, aliphatic, cyclic and olefinic hydrocarbons
[119]. The polar compounds of the bio-oil from lignocel sample (forestry wood sawdust) [219]
were extracted with alkaline solution before chromatographic analysis, and 130 compounds
were identified by GC x GC/qMS among phenols, ethers, ketones, aldehydes, carboxylic acids,
alcohols and aromatic hydrocarbons. This analysis is illustrated in Figure 6 demonstrating the
quality of data generated using a mass spectrometry detector with quadrupole analyzer [119].

Figure 6. Color diagram (GC xGC/qMS) of the bio-oil from sugarcane straw. Chromatographic conditions: set of
columns: OV-5 (60 m x 0.25 mm x 0.25 pm) and DB-17ms (2.15 m x 0.18 mm x 0.18 um). Heating ramp: 40°C-3°C/min to
120°C, then 2°C/min to 200°C [119].

In recent years, the literature has been publishing a wide range of papers in the pyrolysis of
many biomasses with lignocellulosic or residual origin. Eucalyptus [220], mango seed [35],
coconut fiber [221], residual cake of crambe seed [37] and castor seed [222], waste of forest
industry [36], fruits of palm and pine wood chips [223], sugarcane bagasse [61] sugarcane
straw [119] and forest wood sawdust (lignocel) [219] were some of these. These biomasses
were submitted to different kinds of pyrolysis (slow [220, 222], fast [35, 37, 177, 221, 223],
intermediate [36] and catalyst [34, 218]).
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Many other analytical methods can be used to improve the quality of bio-oil and to facilitate
its characterization. In this context, extraction methods have been used to isolated fractions
and better analyze their components. Some examples of application of extraction techniques
are solid phase micro extraction (SPME) [220], liquid-liquid extraction (LLE) [35, 219, 221],
mechanical press extraction [37], soxhlet extraction [37], pressurized fluid extraction (PFE)
[37] and pressurized liquid fractionation (PLF) [119] among others.

The use of another analytical method beside GC or GC x GC is also a good choice for a more
complete characterization of these products. According to reports in the literature GC x GC,
especially with TOFMS detector, has been widely used in association with other techniques
like GC/qMS [36, 221], FTIR [35], FT-ICR MS [223] and 1H NMR [46] for determining the com-
position of the biomass pyrolysis products.

The results of the characterization of bio-o0il only by GC x GC and the association thereof with
other techniques show that different classes of chemical compounds form these samples. The
differences in the pyrolysis conditions [14, 224] or in the chemical composition of the bio-
mass can influence the constitution of the composition of bio-oils [178]. The main compounds
belonging to the chemical class of phenols, esters, ethers, acids, aldehydes, ketones, alcohols,
hydrocarbons (saturates, olefinics and aromatics), sugar derivatives, N-compounds (nitriles,
anilines, quinolines, pyridines, indoles, pyrazines, pyrroles, carbazoles and acridines) and
sulfur compounds (disulfides and thiophenes) [35-37, 46, 119, 218-223].

As with any other chemical analysis, no single technique is sufficient for complete identi-
fication of bio-oil samples. However, the GC x GC has demonstrated its high potential for
use combined with other techniques such as infrared spectroscopy, elemental analysis and
liquid chromatography with the use of mass detectors among others. The development of
rapid chromatographic processes (columns in micro scale) and multidimensional systems
(especially comprehensive) allow full characterization of the samples for both constituents in
greater proportion as for those at trace levels.

4. Liquid chromatographic methods applied to the analysis of bio-oils

Liquid chromatography (LC) techniques are important tools for the separation and identifica-
tion of compounds present in bio-oil fractions that are not analyzable by gas chromatography
(GC). The high performance liquid chromatography (HPLC) analysis is widely used in differ-
ent types of samples mainly polar and thermally labile compounds [155]. The main advantage
of the LC techniques is the possibility of direct injection of aqueous phases obtained without
extraction and sample preparation step. Studies employing such techniques for the character-
ization of bio-oils and aqueous phases have been recently reported in the literature and are
briefly summarized in this chapter.

Similarly as for the GC, the development of LC has been, especially, toward miniaturization
and improved chromatographic resolution. Then, one can classify the liquid chromatographic
methods in one-dimensional LC and two-dimensional LC.
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4.1. One-dimension high performance liquid chromatography

The system can use many detectors, but, the main used for pyrolysis products are UV, RID
and MS.

HPLC-UV uses a simple UV detector or diode array detectors (DAD detector or more spe-
cifically HPLC PDA detector) especially in the determination of polar compounds contain-
ing carbonyl, carboxyl and hydroxyl groups in aqueous samples derived from pyrolysis. The
identification of aldehydes in biomass derivatives is the main application of this technique
because these compounds are very soluble in water and the recovery of their extraction using
conventional techniques such as liquid-liquid extraction or solid phase extraction is very low.

Successtul applications of HPLC-UV in the identification of furfural and hydroxymethyl-
furfural (HMF) in the aqueous phase of the bio-oil obtained by pyrolysis of agroindustrial
biomasses have been described recently [126, 143, 225]. In some cases [225], aldehydes were
confirmed and quantified in bio-o0il using a GC/MS system.

The HPLC-RID is considered standard for analysis of sugars in aqueous samples. The RID
detector is used for detection of compounds that do not absorb in the UV or visible because it
is based on measurement of the difference in refractive index between the pure mobile phase
and the eluent coming out of the column containing the sample components. As some bio-
masses (like sugarcane bagasse and sugarcane straw) contain a great amount of sugars, this
technique can be important in the characterization of compounds formed during the pyroly-
sis of these biomasses.

The HPLC-RID has been used, normally, as a complementary technique The bio-oil obtained
from red oak fast pyrolysis in a fluidized bed reactor was characterized and sugar deriva-
tives were identified in the water-soluble fraction [148]. In this work, levoglucosan, maltosan
celobiosan, xylose and cellobiose were quantified. Johnston and Brown [147] also analyzed
glucose and xylose in switchgrass bio-oil samples using HPLC-RID.

HPLC-MS is a technique for the analysis of polar or thermolabile fractions not analyzable
by GC on samples of bio-oil and water fraction derived from pyrolysis of biomass. The main
difference between the MS in a GC and the MS in a LC system is that LC-MS performs the ion-
ization of analytes in atmospheric pressure (API) with a low-energy fragmentation (“soft”),
allowing identification of the molecular ion. The fragmentation can only be done for selected
ions and there is no library for identification of compounds. The analyzer must use standard
compounds and has to study the entire fragmentation pattern for each peak. HPLC-MS tech-
nique is compatible for volatiles and nonvolatiles in a wide range of polarity [226, 227].

On Py-HPLC-MS (online system of pyrolysis and liquid chromatography-mass spectrometry)
was recently developed [228] and applied to the analysis of lignin isolated from forest waste
sample. In MS, compounds were detected with molecular masses in the range of 250-500
Daltons. The major compounds identified were syringol and resorcinol derivatives.

A method based on the pyrolysis online with HPLC-UV was developed for analyzing the
bio-oil derived from polymers [229]. The bio-oil was fractionated and the resulting frac-
tions were analyzed by mass spectrometry ionization and laser desorption matrix assisted
(MALDI-MS) system and finally HPLC-MS using electrospray ionization (ESI). This system
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is mainly appropriate for the measurements of oligomeric products, being tested in polymer
samples forming less volatile pyrolyzates such as poly(butylene terephthalate) and poly(2, 6-
dimethyl-1, 4-phenylene ether). Another utility of this method was in the characterization of
the cross-linking sequences in some polymeric resins.

HPLC-MS technique in combination with GC-FID and GC/MS was used for characterization
of bio-oils from different forest residues [149], showing a wide range of compounds with
masses of between 100 and 400 Da. The major compounds identified in all bio-oils were cyclo-
hexane carboxylic acid, 1, 2, 4-trimethoxy benzene and 2, 6-dimethyl phenol.

4.2. Two-dimensional LC (heart-cutting (LC-LC)) and comprehensive two-dimensional
liquid chromatography (LC x LC)

Two-dimensional liquid chromatography techniques involve two distinct separations, which
can be classified as heart-cutting (LC-LC) or comprehensive (LC x LC). In heart-cutting 2D-
LC, only relevant parts of the effluent, containing the target compounds, are directed to the
second dimension. The main applications of LC-LC are the analytes purification, improve-
ment of the separation efficiency and the sensitivity of analysis [150]. Bio-o0il obtained from
pyrolysis of pine sawdust was analyzed by LC-LC after the gel permeation chromatography
(which made a lean up of the high molecular weight lignin derivatives) allowing the separa-
tion of phenolic fraction [144]. The results were compared with earlier analyzes by GC/MS.
Among the phenols quantified in this work, the major compounds were guaiacol, vanillin,
o-cresol e catechol. LC-LC technique proved to be a faster analysis, with a minimal sample
preparation and with less loss of analytes than GC/MS.

Similarly to GC, LC techniques with a higher resolution power are also required due to
the complexity of the bio oil and aqueous phase samples, and therefore the comprehensive
two-dimensional liquid chromatography (LC x LC) becomes also important for the charac-
terization of this kind of sample. This technique involves the coupling of two independent
mechanisms of separation, through a high-pressure switching valve, and it is able to provide
a complete separation of the whole sample, since all fractions eluting from the first dimen-
sion are subjected to a second separation [150, 230-239]. The use of LC x LC solves co-eluting
problems due to increased peak capacity, which results in a larger number of identified com-
pounds. This technique represents a great improvement in the analysis of organic samples
mainly due to enhanced of the separation power and the resolution. Carr and Stoll [239] wrote
an excellent chapter, edited by Agilent, with theory, instrumental and applications of 2D-LC.

Le Masle et al. [151] used LC x LC with detection by photodiode array (PDA) for the separa-
tion of compounds from the aqueous phase formed during the pyrolysis of oak. Using a stan-
dard solution with 38 compounds (phenols, acids, ketones, aldehydes, alcohols and furans),
the authors developed a separation method, evaluating the peak capacity and the orthogo-
nality of different sets of columns. However, the compounds in the aqueous phase samples
have not been identified, since a more informative detector as MS would be required for this.
This work was after compared with the LC x SFC technique (on-line comprehensive liquid
chromatography x supercritical fluid chromatography) for the analysis of the aqueous phase
samples by the same researchers, with the aim of evaluating the two-dimensional system. The
new method showed a larger peak capacity in comparison with the previous method [152].
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Tomasini et al. [153] described a method for the characterization of aqueous phases from
bio-oils of coconut fiber, sugarcane straw and sugarcane bagasse using comprehensive two-
dimensional liquid chromatography with detection by diode array followed by mass spec-
trometry with atmospheric pressure chemical ionization. Using this system, it was identified
26 compounds belonging to the classes of phenols, ketones, furans and alcohols. Phenol and
2-hydroxy-3-methyl-2-cyclopenten-1-one were found in greater abundance for all samples.
Belonging to furans, the furfural was detected in higher concentrations in the aqueous phases
of coconut fiber and sugarcane bagasse and the 1-(2-furanyl)-ethanone was detected in higher
concentrations in the aqueous phase of the sugarcane straw. Belonging to alcohols, the phenyl
propanol was detected in higher concentrations in the aqueous phase of coconut fiber, while for
samples of sugarcane (straw and bagasse), the coniferyl alcohol had the highest concentration.

4.3. NanoLC

Among the innovations that LC has been showing in last years, it stands out techniques that
substantially reduce the volume of solvent employed [240, 241]. The NanoLC is one of these
innovations. It consists in the use of a column with micro-dimensions and low solvent flow,
producing separations in short time but with high performance [242]. As the number of col-
umns manufactured for LC techniques using micro to nano flows is very small (compared to
conventional HPLC), there is a limited number of studies described in the literature on this
subject [242, 243]. However, due to the positive results obtained, the NanoLC has been success-
fully applied in many fields such as biomedical, pharmaceutical, agrochemical and food [244].

The low flow used due to the nano-dimensions allows better coupling to mass detectors,
including those with electron impact ionization, normally used for GC [153, 244]. In the case
of coupling a NanoLC with a mass spectrometer by electron impact (EI-MS), there is the
advantage of compounds identification be performed by direct comparison with mass spec-
tral libraries [153, 244, 245].

As a complementary part to the analysis by two-dimensional liquid chromatography of aque-
ous phases obtained from pyrolysis from Brazilian biomasses, Tomasini et al. [153] applied
the NanoLC-EI-MS to confirm the identification of compounds through the mass available
libraries in the same samples before cited. The analysis showed a similar composition, with
compounds belonging to the classes of ketones, phenols, and furans. The aqueous phase (AP)
from coconut fiber presented the phenol as major compound, while the AP from sugarcane
bagasse presented a higher amount of furfural and AP from sugarcane straw presented a
lower concentration of almost all the compounds.

The use of a mass spectrometry detector with ionization by electron impact (EI-MS) shows
an enrichment of information for characterization of the samples, since the obtained mass
spectra can be identified by comparison to spectra available in libraries of software used. In
addition to the advantages presented by the detection of NanoLC system, it is important to
emphasize the “green chemistry” approach due to the reduced volume of solvent used in the
analysis of this technique.

In general, the LC is necessary for the characterization of polar compounds remain in the aque-
ous phase, which normally would be discarded. This discard would cause environmental and
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economic damage, since the identified compounds can have some kind of industrial applica-
tion. Furthermore, the injection of aqueous samples is not possible without a prior step of
extraction, which may have different yields due to the presence of compounds belonging to
different chemical classes or can result in contamination of the sample, besides the higher use
of materials and longer time.

Although there is a still reduced number of works applying LC for the analysis of bio-oil com-
pared to GC, it should be considered the importance of using new analytical techniques for a
complete characterization of bio-oils and aqueous phases from pyrolysis of biomass.

5. Conclusions

The initially suggested use for bio-oil was as an alternative biofuel to diesel and petroleum.
However, this route has proved to be nonviable, due to the high oxygen content of bio-oils
and operating cost of deoxygenation. Currently, the major studies indicate the use of bio-oil in
the chemical industry, particularly the chemistry of phenols, furfural and levoglucosan. The
bio-oil can be considered an alternative for crude oil for fine chemical industry.

For proper use of bio-oil in the chemical industry, it is essential the identification and unam-
biguous determination of its major constituents. Only then, it is possible to propose a recovery
route of some of these components for the development of an industry dedicated to a bio-refin-
ery. For this, chromatographic methods, especially GC x GC/MS, are fundamental because they
allow analysis with high sensitivity and accuracy in identifying each constituent of the bio-oil.
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