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A wide variety of biomass, from triglycerides to lignocellulosic-based feedstock,
are among promising candidates to possibly fulfill requirements as a substi-
tute for crude oils as primary sources of chemical energy feedstock. During
the feedstock processing carried out to increase the H:C ratio of the prod-
ucts, heteroatom-containing compounds can promote corrosion, thus limiting
and/or deactivating catalytic processes needed to transform the biomass into
fuel. The use of advanced gas chromatography techniques, in particular multi-
dimensional gas chromatography, both heart-cutting and comprehensive cou-
pled to mass spectrometry, has been widely exploited in the field of petroleomics
over the past 30 years and has also been successfully applied to the characteriza-
tion of volatile and semi-volatile compounds during the processing of biomass
feedstock. This review intends to describe advanced gas chromatography-
mass spectrometry-based techniques, mainly focusing in the period 2011-early
2020. Particular emphasis has been devoted to the multi-dimensional gas
chromatography-mass spectrometry techniques, for the isolation and character-
ization of the oxygen-containing compounds in biomass feedstock. Within this
context, the most recent advances to sample preparation, derivatization, as well
as gas chromatography instrumentation, mass spectrometry ionization, identifi-
cation, and data handling in the biomass industry, are described.
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1 | INTRODUCTION

The production of chemicals from biomass is highly desir-
able in the medium/long term to replace petrochemi-
cal products. Dependency on fossil-based energy sources,
decreasing accessibility to crude oil, and environment pro-
tection from carbon dioxide or greenhouse gases emis-
sions has led to increased interest in becoming less fossil-
energy-dependent than in the past, although, together
with the increasing of the world population, the global
energy demand is rising [1]. Biomass is one of the few
resources showing high potential to meet sustainable and
green energy challenges. Hence, its use is expected to grow
in the foreseeable future [2]. The best approach to com-
pete with fossil-based refineries is biomass processing in
integrated biorefineries (facilities integrating biomass con-
version processes and equipment to produce fuels, power,
and chemicals from biomass) [3]. A biorefinery produces
high-value low-volume chemical products and low-value
high-volume biofuels using different unit operations, max-
imizing the mass and energy efficiency and minimizing
the waste streams. The biomass transformation in biore-
fineries is still a process in the early stage, intending to
obtain products with a high H:C ratio, transforming and
drastically reducing the amount of heteroatoms contain-
ing compounds for fuel applications [1,4]. Heteroatoms are
not always efficiently removed, and undesired products are
often formed during the process. Heteroatoms, in particu-
lar oxygen and sulfur, can promote corrosions, thus limit-
ing and/or deactivating the catalytic processes needed for
the transformation of the biomass into fuel, compromising
the quality of the final chemical products [5,6].

In light of these considerations, the characterization of
these heteroatom-containing compounds is necessary to
isolate and ride them out to preserve the quality of the final
chemical products.

The most suitable and applied technique for the ana-
lytical characterization of biomass and bio-oil volatile
and semi-volatile heteroatom compounds is GC. GC tech-
niques are often employed, after fat hydrolysis, for the
analysis of (i) esterified fatty acids (FAs), usually, methyl
esterified (FAME); (ii) analysis of FAMEs oil after ther-
mochemical processing such as pyrolysis or hydrother-
mal liquefaction deriving from the oleaginous feedstock.
In bio-fuels derived from carbohydrates (pyrolysis- or bio-
o0il), GC usually covers the analysis of the medium-polar
monomers (around the 40 wt%) and, after derivatization,
can also cover the polar monomers (10-15 wt% in bio-oils)
[7]. The hyphenation between GC and MS has become

decomposition; Py, analytical pyrolysis; Q, quadrupole; QQQ, triple
quadrupole; RP, resolving power; SIM, single ion monitoring; SVM,
support vector machine; TG, triglyceride; TIC, total ion current

very important in biomass analysis due to its high through-
put, selectivity, and sensitivity, adding an analytical dimen-
sion for the identification and separation of heteroatom-
containing compounds. Although the great potentiality
of MS as a detector, quantification of volatile and semi-
volatile biomass organic compounds has been preferen-
tially done over the years using a flame ionization detector
(FID), limiting the coupling of the MS to qualitative pur-
poses.

Although conventional GC has been extensively and
successfully employed for the analysis of biofuels, many
samples are not completely resolved and thus character-
ized [8]. The use of multi-dimensional (MD)GC proved
to be a powerful approach to improve analyte resolution
in derived biomass characterization, increasing the peak
capacity, and enhancing the identification accuracy [9,10].
The scope of this review is to describe, over the past decade,
the most recent advances in GC-MS-based techniques for
the analysis of oxygen-containing compounds in biomass
feedstock, with particular emphasis on the MDGC-MS
techniques. Except for some contributions worthy to note,
the attention has been focused on the most innovative
applications in the period 2011-early 2020. Within this con-
text, dedicated sample preparation, derivatization, injec-
tion, as well as the GC instrumentation, MS ionization and
identification, and data handling in the biomass industry
are reported too. Moreover, despite the prevalent quali-
tative use of MS, different quantitative GC-MS solutions
have been proposed during the past decade and the most
interesting applications are reported. A complete list of all
scientific contribution present in this review is reported in
Supporting Information Table S1. Specific information, in
terms of feedstock investigated, treatment and processing,
bio-samples analyzed, sample preparation step, GC mode
applied, GC column(s), MS, and statistical approaches, are
reported for all contributions.

2 | BIOMASS FEEDSTOCK AND
PROCESSING

Due to the high availability and the fact that it is renewable,
biomass is one of the most promising candidates for the
substitution of crude oil as the principal source for chemi-
cal energy. The C, H, and O composition of the most com-
mon biomass-derived feedstocks are reported in Figure 1.
The oil obtained after pyrolysis (pyrolysis- or bio-oil) and
crude oil, as “gold standard,” are also reported [11].

As reported in Figure 1, the high percentage of oxygen
is in cellulose, bio-oil, and lignin. Due to the very low
energy density of these raw materials, their conversion for
removing oxygen efficiently from the biomass feedstock
is necessary. Biomass feedstock can be grouped into two
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Oleaginous biomass feedstock

An oleaginous feedstock is generally used for the produc-
tion of biodiesel and jet fuel. Low-quality lipids are pre-
ferred, such as (i) crude vegetable oils (soybean, palm,
rapeseed, and sunflower); (ii) used vegetable oils; (iii)
wasted animal fats; (iv) non-edible oils [16-19]. Currently,
algae and marine organisms have been more intensively
investigated as a source of TGs [20-23]. The advantages of
oleaginous feedstocks are their high availability and sim-
ilar physical properties (e.g., density, viscosity) and H/C

Oleaginous biomass is mainly composed of triglycerides
(TGs) containing FA carbon chains, usually in the range
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FIGURE 1 Ternary diagram showing the mass composition of

biomass-derived raw materials. Figure reprinted with the permission
of Royal Society of Chemistry, in Melero et al. [11]

broad categories: oleaginous feedstock and carbohydrates.
Before a description of the products that can be obtained,
a brief overview of the different processes used for their
conversion is necessary. The challenge is to produce
processed biomass with high energy density and excellent
combustion properties. To make this real, the amount
of heteroatoms containing compounds as oxygenated
and sulfurated has to minimized as much as possible
[12,13].

A schematic presentation of the most common source
of biomass resources, conversion technologies, bio-fuels
obtained, and end of use products is reported in Figure 2
[14].

Biomasses can be transformed using biochemical,
physical-chemical, and thermo-chemical processing.
Among these, thermo-chemical represents the most
common processing technique to convert biomass in
bio-energy. Within this macro-technique, pyrolysis, gasi-
fication, and combustion represent the most common
approaches. Pyrolysis is a thermal process in which the
biomass is heated at very high temperatures (350-550°C),
in the absence of oxygen and air. Fast (few seconds)
or flash (<1 s) pyrolysis is usually applied in order to
maximize the production of liquid and/or gas phase
products (optimizing the content of H) over the formation
of charcoal products (higher O content). Gasification is
the conversion of no-gaseous feedstock into gaseous fuel
(syngas) by reacting the material at high temperatures
(>700°C), without combustion, with a controlled amount
of oxygen. Thermochemical technologies also include
hydrothermal approaches, which utilize an aqueous
environment at moderate temperatures (200—600°C) and
high pressures to decompose biomass into solid, liquid,
and gaseous intermediates [15].

of C8-C22, but C16, C18, and C20 are the most com-
mon [24,25]. TGs have a high chemical energy conversion
due to their very high H:C ratio and low oxygen content.
Another important fraction present in low-grade of oleagi-
nous material is formed by not esterified (NE)FAs.

Catalytic and thermal cracking, hydro-treating, and cat-
alytic deoxygenation are the most applied processes to con-
vert oleaginous biomass in fuels [26]. Even if lipids present
a rather low amount of oxygen and metals, making them
good potential candidates to replace petrochemical prod-
ucts, the high cost of processing makes the use of lignocel-
lulosic feedstock still necessary.

2.2 | Lignocellulosic based feedstock
Lignocellulose is the most common form of polysaccharide
in feedstock, and it is composed of three components (cel-
lulose (40-50 wt%); hemicellulose (25-40 wt%); and lignin
(10-25 wt%)). A high percentage of cellulosic biomass can
be produced via dedicated crops. Wastes and residues are
other important sources of lignocellulose biomass [27].

2.2.1 | Pyrolysis (bio)-oil from
lignocellulosic feedstocks

(Pyrolysis) bio-oil from lignocellulosic feedstocks is
composed by (i) aqueous phase that represents around 15-
30 wt%, where low molecular weight oxygenates organic
compounds are present and (ii) a non-aqueous phase,
representing from 35 to 50 wt% mainly by several oxy-
genated molecules, as aliphatic alcohols, carbonyls, acids,
phenols, sugar hydroxyl-aldehydes, hydroxyl-ketones,
sugars, and aromatic hydrocarbons [28]. Gaseous products
(e.g., CO/CO,; CHy, higher hydrocarbons) and a solid
carbonate residue are also formed during the pyrolysis
treatment. The chemical composition of bio-oils produced
from process conditions that maximize liquid yields is very
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Adams et al. [14]

complex, and a precise description of bio-oil composition
has never been reported yet. Even with considerable ana-
lytical efforts, about 20% of the composition still remains
unknown [29]. High-lignin containing biomass gives
lower bio-oil yield, while a higher percentage of bio-oil
is obtained in-high cellulosic biomass. The properties
and composition of bio-oils depend both on the specific
starting feedstock and the treatment conditions. Bio-oil
processing requires a considerable effort in commercial
development since commercial production is still in the
early stage. Several physical-chemical properties of raw
bio-oil from lignocellulosic biomass make it unsuitable for

use in petroleum refineries, as high content in water, high
viscosity, low volatility, and high reactivity (which may
lead in particular to corrosion issues) that can damage
reactors and instrumentations, and a significant content
of heteroatoms containing compounds that can poison
catalytic processes. With the approval of the standard
specification for pyrolysis liquid biofuel by the American
Society for Testing and Materials (ASTM) D7544, pyrolysis
oil is being strongly considered as a fuel oil replacement.
The physical properties of bio-oils obtained from differ-
ent biomass feedstocks and pyrolysis process steps are
well-described by Abdelnur and co-workers [30]
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3 | OXYGEN-CONTAINING
COMPOUNDS IN BIOMASSES

The raw bio-oil material, in particular from lignocellu-
losic feedstocks, is typically heavily oxygenated, corro-
sive, unstable, viscous, and immiscible with petroleum
feedstocks. These undesirable fuel properties, together
with the catalyst poison, are also a result of the several
hundreds of reactive oxygenates in the bio-oil. Typically,
the concentration of any particular oxygenated contain-
ing compound is less than 10 wt% although there is a
large variability in the measurements of individual molec-
ular species in the products [29]. A round-robin study,
done among different laboratories analyzing the same
bio-oil, highlighted the difficulty in measuring these oxy-
genated containing compounds, leading to non-consistent
results [31].

A complete characterization of oxygenated containing
compounds in bio-oils is of paramount importance to
assess their potential uses or decide upon the proper
upgrading method for improving their properties. The oxy-
gen reduction processing (e.g., hydro-treating), necessary
for decreasing the amount of oxygen in a range of 2-3 wt%,
can have a dramatic incidence on the costs of production.
These costs can even exponentially increase in case the
goal is to obtain a product with oxygen content < 2 wt%
[29]. In fact, certain oxygen functional groups in pyroly-
sis oils are unlikely to be acceptable in fuel products, even
after upgradation of the bio-oil. At a low amount, car-
boxylic acids can be used in fuels as corrosion inhibitors.
At the same time, their corrosion property and poor hydro-
carbon solubility at cold temperatures have been observed
when present in higher amounts. The possible condensa-
tion of aldehydes and ketones can lead to the formation
of gums, although no published studies are showing this
occurring [29]. Considering that a complete elimination of
oxygenated compounds during biomass processing is not
possible, some of them, such as esters, ethers, and alcohols,
can be accepted in a certain amount in the final product
[32].

4 | SAMPLE PREPARATION

Biomass feedstocks (in particular lignocellulosic biomass)
subjected to thermochemical processing represent a com-
plex assemblage of chemicals containing varied func-
tional groups, although the thermal cracking of these bio-
molecules generates simpler organic compounds. Lignins,
upon pyrolysis, produce methoxyphenols of which mono-
lignols (guaiacol and syringol) are prominent. Cellulose
upon pyrolysis gives levoglucosan, levoglucosenone, fur-
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fural, substituted furans, and several small molecules com-
prising aldehydes and ketones. In this context, the role
of sample preparation is mainly meant to make the ana-
lytes of interest more suitable for separation and detection
[33,34]. Here it has been reported a brief description of
the most common approach of sample preparation tech-
niques hyphenated to GC-MS in the context of biomass
analysis.

4.1 | Solid-phase micro-extraction
Solid-phase micro-extraction (SPME), although a widely
applied technique for volatile and semi-volatile analytes,
has found limited application in this field compared to
other techniques, probably due to the high number of
chemicals present in bio-oil [35,36].

Tessini and co-workers used HS-SPME to extract oxy-
genated compounds, in particular, low molecular weight
aldehydes present in bio-oils after derivatization in solu-
tion as well as on-fiber derivatization. After thermal des-
orption into the injector, these compound derivatives were
analyzed by GC-MS [37]. Recently, Conti and co-workers
used at-line sampling by SPME to trap and GC-MS to
characterize the compounds evolved during intermediate
pyrolysis of biomass. The molecular composition resulting
from SPME-GC-MS was compared to those obtained
by GC-MS analysis of aqueous and organic phase (bio-
oil), reporting similar results in terms of oxygenated
compounds. Moreover, the authors claimed that SPME
sampling to monitor the pyrolysis process could limit
laboratory working time, avoiding sample collection, and
pretreatment [38]. Figure 3 shows the bench-scale reactor
with the addition of a junction for the SPME sampling, a
comparison between the GC-MS analysis of bio-oil from
different origins and SPME-GC-MS analysis of the com-
pounds evolved during intermediate pyrolysis of biomass,
as well as the product distribution from SPME-GC-MS
analysis of digestate soon after sampling (0 h) and after
storage 48 and 96 h in vacuum-packed bags and under air
atmosphere.

4.2 | Liquid-liquid extraction

Liquid-liquid extraction has been used with different com-
binations of solvent to exploit the selectivity towards spe-
cific target compounds. For instance, using n-hexane,
petroleum ether, or chloroform as the extraction solution,
phenols, and guaiacol can be enriched in the solvent phase.
At the same time, sugar, acid, and alcohol can be concen-
trated in the water phase [39,40].
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FIGURE 3 (A)The bench-scale reactor with the addition of a quartz T-junction for the SPME sampling and (B) comparison between the

GC-MS analysis of bio-oil (BO) from different origins and SPME-GC-MS analysis of the compounds evolved during intermediate pyrolysis of
the same biomass feedstocks, and (C) product distribution from SPME-GC-MS analysis of digestate soon after sampling (0 h) and after storage
48 and 96 h in vacuum-packed bags (above) and under air atmosphere (below). The compounds corresponded to the x-axis number are reported
in figure 3b. Reprinted and adapted with the permission of Elsevier, in Conti et al. [38]

4.3 | Supercritical-fluid extraction

In 2016, Cheng and co-workers developed a three-step
supercritical-CO, extraction for the selective fractiona-
tion of fast pyrolysis bio-oil, demonstrating the utility of
this extraction technique in bio-oil processing in oxygen-
containing compound determination. With appropriate
optimization of extraction parameters, lipids, hemicel-
lulose, lignin, and condensed aromatics were enriched
in three different fractions, and oxygen-containing com-
pounds were characterized using various analytical tech-
niques. Among them, GC-MS was the most useful, allow-
ing the identification of a total of 132 compounds (>95%
oxygenated). [41].

4.4 | Distillation

Example of distillation used in bio-oil fractionation was
reported by Christensen and co-workers in 2011, where
hydro-treated bio-oils containing different amount of
oxygenated compounds was distilled to produce differ-

ent boiling range fractions (i.e., lights [<71°C], naph-
tha [71-182°C], jet [182—260°C], diesel [260—338°C], and
gas oil [338—566°C]) that were characterized for oxygen-
containing species by different analytical techniques,
including GC-MS [42].

4.5 | Column chromatography

Within chromatographic techniques applied to fraction
bio-fuels, column chromatography still represents the
most conventional method to fractionate bio-oils accord-
ing to the different adsorption capabilities of bio-fuel
components onto the stationary phase (in general, silica
gel, or aluminum oxide). Analytes are eluted based on
polarity using various combinations of organic solvents.
The consumption of a large amount of solvent and the low
throughput of the technique make column chromatog-
raphy only suitable for high value-added compounds
[43]. Other chromatographic techniques often used in
the fractionation of bio-oils are gel permeation chro-
matography/size exclusion chromatography, thin-layer
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chromatography, ion-exchange chromatography, and
adsorption chromatography. Within the latter, SPE has
been widely applied in biofuels analysis, especially as a
purification step and determination of the impurities in
biofuels [44]. The principles of chromatographic tech-
niques are based on the difference of interaction of the
components with the stationary phase in the chromatog-
raphy column, inducing the difference of retention time.
Each technique presents some advantages and disadvan-
tages and the selection of a specific one rather than the
other often depending on the chemical composition and
structure of the analytes to isolate [45].

4.6 | Derivatization

Due to a large amount of non-volatile polar compounds
in bio-oil, direct analysis in the GC system is limited, and
only a small portion of fractions (from 25 to 40%) can be
analyzed. [46]. An example is the high molecular weight
carbohydrates obtained by the pyrolysis of lignocellulosic
biomass. The low volatility of these high molecular weight
molecules limits the use of GC. Moreover, oxygenated com-
pounds present in biofuels can be reactive, causing ther-
mal instability and other problems. The replacement of
the active hydrogen (H) in polar groups, such as hydroxyl
(OH), thiol (SH), and amine (NH), represents a large per-
centage of the derivatization process. Among the differ-
ent derivatization reactions, alkylation and trimethylsily-
lation are the most common and widely used [47]. Madsen
and co-workers used methyl-chloroformate under alkaline
conditions in the aqueous phase obtained after hydrother-
mal liquefaction (HTL) treatment of biomass. A central
composing design with surface responses methodology
was applied to optimize derivatization conditions, and
32 analytes were quantified by GC-MS [48]. It is worth
mentioning that (trans)esterification is also a fundamen-
tal step in biofuel production from oleaginous biomass,
simplifying the analysis of these products. Different cat-
alysts have been applied in this production step, such as
tin organometallic compounds, resins, acids, and enzymes
[49,50].

Silylation is generally used in the derivatization of sug-
ars and considerate the thermal stability, even after depoly-
merization of polysaccharides using pyrolysis. Although
several compounds after pyrolysis can be analyzed by GC
without any derivatization (as the case of anhydrosugars,
that present only three OH groups), derivatization is con-
sidered as the best option to avoid the retention of hydroxyl
groups of pyrolyzed products that affect GC resolution and
peak broadening. Resulting products of pyrolysis and sily-
lation of polysaccharides are, in general, propanones, fura-
nones, anhydro sugars acids, etc. Complete derivatization

of compounds with multiple functional polar groups can
be challenging. The use of the derivatization reagent N-
methyl N-trimethylsilyl) trifluoroacetamide was proposed
by Joseph and co-workers for the complete derivatization
of compounds with multiple -OH and -COOH groups,
such as polar sugars and polyhydroxylated benzenes [46].
The complete derivatization of no-reducing sugar gives
single peaks in GC analysis since no anomeric form is
present. On the contrary, the different anomeric forms in
reducing sugars can lead to the formation of multiple peaks
due to the interconversion between anomers via the open-
chain form. The reduction of saccharides to alditols avoids
the problems when mixtures of anomers are present, but a
single alditol can be the common final product obtained
from the reduction of different saccharides, leading to a
loss of structural information. The protection of the car-
bonyl group before silylation through the formation of
oximes limits the chromatogram complexity. Still, each
reducing sugar could result in two different peaks due to
the formation of the syn- and anti-forms of the oximes [47].

5 | GC-BASED TECHNIQUES

For the determination of the chemical composition of bio-
fuels, several analytical methods are usually employed.
Among them, GC-MS represents the preferred method
for compositional analysis of bio-oils, bio-crudes, and
upgraded products [51]. GC has been applied in both
mono-dimensional and multi-dimensional mode coupled
to MS. In this review, the main focus will be on multidi-
mensional techniques [10], which have found a wide appli-
cation in high-end applications dealing with challenging
samples, such as biomass characterization and online com-
bination with analytical pyrolysis (Py).

5.1 | Multidimensional GC

5.1.1 | Heart-cutting 2D-GC-MS

Although heart-cutting GC (GC-GC) has been widely used
in the petrochemical field for the analysis of oxygenates
compounds in fuels, only a few applications have been
found in biomass analysis [52]. To the best of our knowl-
edge, the first application on the analysis of biomass oils
war reported in 2005 by Fullana and co-workers using a
multiple heart-cutting 2D-GC-TOFMS to analyze pyrolytic
products generated from primary and secondary pyroly-
sis of cellulose, lignin, and sewage sludge samples. The
column set employed was a combination of non-polar
30 m X 0.53 mm X 1 um as first dimension (!D) col-
umn and a polar 2.5 m X 0.1 mm X 0.1 um as second
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dimension (°D) column, using a cryogenic trap system
to focalize the analytes from the first into the head of
the second column. Authors reported that >1000 com-
pounds, mainly oxygenated (containing up to seven oxy-
gen atoms), were identified for each pyrolytic oil analyzed.
Sugars and phenols were the most representative chemi-
cal families in bio-oils from cellulose and lignin, respec-
tively, while aliphatic compounds and cellulose derivatives
were the most abundant in bio-oils from sewage sludge.
Moreover, a comparison between heart-cutting 2D-GC-MS
and mono-dimensional GC-MS, in terms of MS similar-
ity (match quality), was done. Authors claimed that more
than 70% of the total chromatogram peaks could be iden-
tified with 2D-GC-MS while only 47% (in the best case)
using conventional GC-MS [53]. In 2016, Le Brench and
co-workers used a heart-cutting 2D-GC-FID/MS for the
quantitative analysis of condensed vapors from slow pyrol-
ysis of different biomass feedstock (miscanthus, douglas
fir, and oak). The compounds from pyrolysis were con-
densed using cold traps, and tetradecene was used as an
internal standard. A combination of !D non-polar and D
polar columns was employed for the multi-dimensional
separation, using a Dean’s switch valve [54] to transfer elu-
ates from 'D to D column. More than 100 oxygenated
compounds have been detected, and 30 compounds have
been identified based on the literature, and the NIST
database. Between 25 and 30 compounds have been quan-
tified for each biomass sample. The authors grouped oxy-
genated compounds in three categories, depicting the
different chemical pathways of pyrolysis as functions
of temperature and biomass composition: (i) fragmen-
tation/dehydration pathways — light oxygenated com-
pounds; (ii) dehydration/open-ring/cyclization mecha-
nism — furanic compounds; and (iii) transglycosylation
pathway —anhydro-sugars [55].

5.1.2 | Comprehensive 2D-GC-MS

Comprehensive 2D-GC (GCXGC) has been successfully
applied for the characterization of samples from ligno-
cellulosic biomass and methyl ester derivative of oleagi-
nous (bio)oils, in particular applying a normal column-
set (i.e., non-polar X polar column); while the reversed
column-set (i.e., polar X non-polar) is generally less
used. The reversed-set can be useful in the analysis of
biodiesel blend in diesel fuels, especially when a sepa-
ration among FAMEs, long branched aromatics, naph-
thenic compounds, and paraffins is needed [56]. To resolve
complex samples as biofuels, normal- and reversed-sets
can also be used alternatively in the same GC system.
Djokic used a GCXGC-TOFMS system equipped alterna-
tively with both column-sets for the analysis of crude- and

hydrotreated bio-oil from pine wood, improving the group-
type separation of the region of aldehydes, ketones, and
furans [57]. The higher peak capacity, selectivity, sensitivity
(in particular when cryogenic modulators are employed),
and formation of highly organized chromatography struc-
tures represent the principal advantages of GCXGC com-
pared to 1D-GC. A group-type identification approach
of petrochemical oil samples by using GCxXGC-TOFMS
was introduced by van Deursen and co-workers in 2000.
The authors showed that selecting appropriate ion frag-
ments, sulfur- and oxygen-containing compounds (hardly
detected in the total ion current (TIC) plot) were easily
detected and identified into the 2D-GC space [58]. Since
then, this approach has been used in the GCXGC-MS anal-
ysis of petrochemical and biofuel samples.

A group-type identification approach using GCxXGC-
TOFMS in TIC and extracted ion chromatogram mode was
also carried out by Tessarolo and co-workers, analyzing
the pyrolysis products of empty palm fruit bunch, pine
wood chips biomass, and sugarcane. Cyclopentenones,
furanones, furans, phenols, benzenediols, methoxy- and
dimethoxy-phenols and sugars were the more expressed
chemical classes (analytes > 0.5% relative area), indicat-
ing the suitability of these oils for the production of value-
added chemicals [59,60]. In 2014, Joffres and co-workers
characterized the products of the wheat straw soda lignin
residue after catalytic hydroconversion combining differ-
ent analytical techniques. A cryogenic GCXGC-gMS sys-
tem, using a “normal set,” composed of ' D non-polar (30 m
x 0.25mm X 0.25 um) column and a 2D polar (2m X 0.1 mm
X 0.1 um) column, was employed for qualitative character-
ization of oxygenated compounds present into the liquid
phase. Identification was carried out considering the 2D
structured chromatogram and MS spectra similarity, while
the use of linear retention index (LRI) is not reported. The
liquid phase represents about 65% of the initial lignin, and
it is considered as the most challenging fraction to char-
acterize, not only due to the complexity of the sample but
also for the presence of the tetralin solvent. Comparing the
GCXGC-MS chromatograms obtained analyzing the lig-
uid phase with and without catalyst, the authors noticed a
notable increased amount of phenol, aromatic, and naph-
thene compounds in the liquid phase obtained with the
presence of a catalyst. Moreover, the authors linked the
nature of the compounds detected with the transformation
observed in lignin residue [61].

In 2016, Silva and co-workers used GCxGC-MS tech-
nique for quantitative characterization of pinewood (PW)
bio-oils derived by different processes, namely real ther-
mal decomposition, catalytic pyrolysis (CP), and hydro-
deoxygenation (HD). Bio-oil from thermal decomposi-
tion was upgraded by HD to hydro-deoxygenated oil
(HDO). Sugars, furans, and alcohols appear as the major
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FIGURE 4 GCXxGC expansion chromatogram of three samples (a) PWT, (b) CPO, and (c) HDO. (4A) Extracted ion chromatograms (EIC)
m/z 94, m/z108, m/z 122, m/z 136, and m/z 150, illustrating the identification of phenolics and methoxy-phenols. (4B) EICs m/z 82, + m/z 84, +
m/z 96, + m/z 98, and + m/z 112 show cyclic ketones and furans. Reprinted and adapted with the permission of Elsevier, in Silva et al. [62]

constituents of the pinewood bio-oil after thermal decom-
position (PWT), catalytic pyrolysis oil (CPO), and HDO
samples, respectively. Figure 4 shows the expansion 2D
chromatogram of the three bio-oils obtained from the dif-
ferent processes. In Figure 4A, using extracted ion chro-
matograms m/z 94, 108, 122, 136, and 150, a series of phe-
nolics and methoxy-phenols were observed in the three
samples (a) PWT, (b) CPO, and (c) HDO, while Figure 4B
shows cyclic ketones and furans assigned in the samples
by the extracted ion chromatograms m/z 82, + m/z + 84,
+ m/z 96, + m/z 98, and + m/z 112. An increased amount
of phenol was observed in CPO, while methoxy-phenols
were mainly observed in the HDO. The same behavior was
observed for cyclic ketones and furans, more expressed in
CPO and less in HDO. Quantification was performed using
an internal standard and external calibrations. The limit
of quantification was set at 1 ng/uL for major standards,
except for hexanoic acid, which was set at 5 ng/uL. The pre-
cision (< 10%) and accuracy (recovery range of 70—130%)
were also reported for the quantification of oxygenated
compounds in bio-oil samples [62].

In 2017, Sajdak and co-workers characterized oxygen
compounds present in bio-tars derived from the thermal

conversion of wood biomass by 1D and comprehensive
2D-GC-MS. As a preliminary step, three different station-
ary phases, namely polar, non-polar, and an ionic liquid
(IL-60) were compared to optimized 1D-GC-MS meth-
ods. Derivatization through silylation was also applied
for allowing the analysis of high boiling substances as
polyphenols and polyalcohols. Finally, a comprehensive
2D-GC-TOFMS with a cryogenic modulator, using a 'D
(27m x 0.25 mm X 0.25 um) non-polar column X 2D (2 m X
0.1 mm X 0.1 pm) IL-60 column was employed for the anal-
ysis of tars, with and without derivatization step. Analytes
were identified, combining MS spectra information with
available LRI. Although there was a clear improvement
in chromatogram resolution and separation of polyalco-
hols and polyphenols by using GCXGC, especially when
a pre-derivatization step was applied, the authors high-
lighted the limits to analyze compounds with high mass
and high polarity (originated from the decomposition of
natural polymers, like lignin, cellulose, and hemicellu-
lose), even when multi-dimensional GC techniques are
employed [63]. In the same year, Madsen and co-workers
used a highly efficient in situ gas-phase derivatization (sily-
lation by N-methyl-N-(trimethylsilyl)-trifluoroacetamide)
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coupled to GCXGC-TOFMS to characterize semi-volatile
organic compounds (in particular oxygenated and nitro
compounds) in bio-crude oil obtained from HTL of both
algae and lignocellulosic biomass. The GC system was
equipped with a !D (60 m X 0.25 mm X 0.25 um) non-polar
column and a 2D (1 mx 0.25 mm X 0.25 um) polar column
with a dual-stage loop modulator. Analytes were identified
according to MS similarity and LRI, although no minimum
cutoff was reported. The authors identified numerous Cyg,
Cig, and C,y FAs and several monoacylglycerides. More-
over, FA-amides, indoles, and quinolones, derived from the
presence of protein-rich feedstocks, were detected too. A
semi-quantification of the identified compounds present
in the different samples was reported after TIC normaliza-
tion [64].

One year later, GCXGC-MS technique was employed
for the first time for the analysis of biogas and bio-
methane. Volatile compounds in bio-gasses from four dif-
ferent industrial sites were trapped into two-beds sorbent
tubes through a vacuum pump, and compounds collected
on the first sorbent bed were extracted by pressurized lig-
uid extraction, evaporated until a final volume of 150 L,
and then injected into the GC system. The breakthrough
volume was checked by analyzing the second bed of the
sorbent tube. Separation was performed on 'D non-polar
column (30 m X 0.25 mm X 0.25 um) and a 2D semi-polar
column (1.35 m X 0.25um X 0.25um), using a cryogenic
modulator. A mixture of 89 standards (including also oxy-
gen and sulfur organic compounds), representative of ten
chemical families, was used for the method optimization.
Sensitivity was fivefold more as compared with 1D-GC-
MS. A series of oxygenated compounds were found in the
bio-samples, although the major part remains unknown.
The authors claimed that comprehensive 2D-GC-MS could
allow enhanced diagnostics for process performances or
risk management in the current contest of the new gas
and bioenergy industry [65]. In the past 5 years, GCXGC-
MS methodology has been widely employed for the char-
acterization FAMEs, phenols and ketones and other oxy-
genated compounds in bio-oil from the pyrolysis of dif-
ferent biomass feedstock, such as coffee waste, [66,67],
coconut fibers [68], rice straw [69,70], tropical seeds [71],
residue of vegetable oil [72], as well as in the characteriza-
tion of creosote from wood coal tars [73], and the hydro-
genation products of bio-crude obtained from hydrother-
mally liquefied algal biomass [74].

Due to the complexity of the samples, the GCXGC-MS
approach is mainly employed in the analysis of biofuels
from lignocellulosic biomass, especially when an improve-
ment in selectivity and sensitivity is needed (e.g., trace
analysis). GCXGC-MS has been applied in the analysis
of oleaginous biomass by many researchers, mainly after
derivatization and transformation in FAMEs [75], but con-

sidering that simpler nature of oleaginous biomass, it is
the opinion of the authors that a well-optimized 1D-GC-
MS method with the use of LRI as an additional filter for
compound identification could be often enough to get the
desired information. GCXGC-MS can better fit in the anal-
ysis of oleaginous biomass subjected to upgradation (e.g.,
thermochemical process) [76]. For example, the thermo-
conversion of FAMESs can lead to the generation of a vast
number of compounds that can be difficult to analyze by
only using 1D-GC-MS [64].

5.2 | Analytical pyrolysis-GC-MS

Py-GC-MS is an online technique that involves the heat-
ing of the sample at high temperatures (usually > 600°C)
in the absence of oxygen, causing decomposition of the
macromolecules (pyrolysis). Py-GC-MS analysis can be
performed directly on the raw biomass or the biofuel
obtained from conversion technologies. Py-GC-MS has
proved to be a reliable technique for fingerprinting lignin,
generating diagnostic products without altering the groups
attached to the phenyl rings, and preserving the isotopic
signature of the original material [77]. In 2013, Brebu and
co-workers monitored the thermal degradation products
of various lignins of different raw materials and manu-
facturing processes by Py-GC-MS using a non-polar GC
column. Similarities and differences in thermal behav-
ior and composition of degradation products among stud-
ied lignins were observed and discussed. In addition to
oxygen compounds, representing almost the entire compo-
sition of the compounds detected, sulfur-containing com-
pounds were also found in traces in Lignoboost(®) oil (orig-
inating from the Kraft pulping) and in a more significant
amount in the pyrolysis oil of Klason wheat straw, prob-
ably derived during the hydrolysis process with sulfuric
acid (Klason lignin is considered the insoluble residue por-
tion after removing the ash by concentrated acid hydroly-
sis of the plant tissues). Only qualitative analysis was per-
formed, and compounds were identified based on the NIST
database, and those already reported in the literature [78].
In 2015, Lin and co-workers analyzed the bio-oil obtained
by fast pyrolysis processing of four types of lignin. Acids,
alcohols, aldehydes, ketones, furans, phenols, esters, and
hydrocarbons were the main molecules detected. Peak
identification was carried out using both the NIST mass
spectral library and relevant literature. S-containing com-
pounds were found in wheat straw lignin (one of four
lignins analyzed), confirming the kraft pulping origin. The
wider variation among the four lignins, in terms of concen-
tration, was in the composition of phenolic products that
represented the most prominent class compounds [79]. In
2011, Pyl and co-workers used a cryogenic GCXGC-TOFMS
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system, first to analyze rapeseed oil methyl ester then, by
a dedicated online sampling system (Py-GCXGC-TOFMS),
to analyze the methyl ester oil subjected to a series of pyrol-
ysis experiments. A 50 m X 0.25 mm X 0.5 um non-polar
as 'D and a 2 m x 0.15 mm X 0.15 um polar column as
2D was employed in the GC system. Detailed online mon-
itoring of thermal conversion processes was carried out,
and approximately 200 different compounds derived from
the FAMEs conversion were identified [80]. Py-GC-MS is
often used to analyze the non-volatile compounds with
boiling point > 350°C present in the residue of biofuels.
Pedersen and co-workers analyzed the distillation residue
of a bio-crude by Py-GCxGC-qMS. Pyrolysis temperature
was set to 600°C, and the chromatographic system was
equipped with a cryogenic modulator and a non-polar X
semi-polar columns set. Bio-crude was obtained by HTL of
biomass, then a fractional distillation of the bio-crude was
carried out in agreement with the ASTM D2892, obtaining
six distillation fractions, excluding the residue. The frac-
tions were catalytically hydro-treated and then analyzed
by GC-gMS, while the residue fraction was subjected to
Py-GCXGC-gMS analysis. The identified components of
the residue fraction were similar to the compounds from
distillation/hydro-treatment of bio-crude detected by GC-
MS, suggesting that the cracking of the residue can con-
tribute to increase the yield of the volatile fractions on
a chemically similar basis. The analytes detected in the
residue were mainly oxygenated aromatics with a small
part of non-oxygenated. The authors suggested that the
presence of non-oxygenated aromatics could be partially
explained by the formation of oxygen-containing pyrolysis
products such as CO, and H,O [81]. Recently, Py-GCXGC-
MS methodology was used to investigate the pyrolysis
behavior of guaiacol lignin (G-lignin) and its major decom-
position mechanisms [82], and the catalytic performances
of a selective conversion of lignocellulosic biomass into
furan compounds using a bimetal-modified bio-based acti-
vated carbon [83]. A Py-GC-MS drawback is the limitation
for obtaining quantitative information on pyrolysis prod-
ucts. Although it is possible to perform quantitative analy-
sis by using an internal standard, this rather complex pro-
cedure deletes the most attractive aspects of Py-GC-MS,
namely the minimal sample preparation. Van Erven and
co-workers used for the first time a polymeric *C lignin as
internal standard for lignin quantification by Py-GC-gMS
in SIM mode using a semipolar column. Relative response
factors (RRFs) for the various pyrolysis products obtained
were determined and applied. The two most abundant
fragments per compound were single ion monitored, with
a maximum of eight fragments (4 C + 4 13C) per segment
and with a minimum of 25 data-points per peak. The deter-
mination of lignin by 3C lignin internal standard and Py-
GC-SIM-gMS was in good agreement with the total gravi-
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metrically determined lignin contents of four common
biomass sources (wheat straw, barley straw, corn stover,
and sugar cane bagasse), showing high accuracy (>99.9%,
R? > 0.999) and precision (RSD < 1.5%) [84]. Figure 5 shows
the workflow of the 3C-lignin-internal standard/Py-GC-
MS approach for the C lignin quantification.

An exhaustive review of the analytical pyrolysis of
biomass by GC-MS was reported by Alkalin and Karagoz.
Various kind of biomass and biomass components (includ-
ing carbohydrates, lignin, lignocellulosic biomass, and
algal biomass), decomposition pathways, the formation
of possible decomposition products, and the effects of
catalysts in the degradation of biomass were discussed,
together with dedicated sample preparation and instru-
mentation for analytical pyrolysis [85].

6 | MSDETECTION

6.1 | Ionization

Since electron impact ionization (EI) can be too energetic
to preserve molecular ions and/or diagnostic fragments at
the standard electro-kinetic energies of 70 eV, thus soft ion-
ization techniques can be applied in GC-MS ionization
to generate abundant molecular ion signals. Although not
applied to the analysis of biofuels, worthy of mention are
two works that highlight the potential of softer ionization
using lower than 70 eV electro-kinetic energies and using
conventional EI-QQQ-MS in single Q mode. Both dis-
cuss the benefit in identification capability on compounds
that can be found in biofuel as well [86,87]. Beccaria and
co-workers investigate the effect of using different electro-
kinetic energies (20, 30, 50, and 70 eV) to analyze bacte-
ria’s FAMESs. No loss in sensitivity and high repeatability
were reported at lower electro-kinetic energies. The infor-
mation obtained combining 20 and 70 eV, together with the
use of LRI, was fundamental for the mass spectra interpre-
tation and tentatively identification of several unknowns
FAMEs and other oxygenated compounds. An example
of the tentative identification of an unknown oxygenated
compound, combining the information obtained at 20 and
70 eV in EI-MS together with the LRI, is shown in Fig-
ure 6. Considering the mass spectrum at 70 eV, no match
with the available libraries was present considering a cut-
off of 700/1000, while the ion-ratio present in the lighter
part of the MS spectrum at 70 eV indicated the typical
fragmentation of the saturated aldehydes. Combining this
information with those obtained at 20 eV present in the
higher m/z part of the spectrum, namely the molecular ion
[M]* at m/z 380 (not present at 70 €V), and the related
molecular fragment ions [M-H,0]" corresponding to [M-
18]* and [M-H,0+CH,=CH,] " corresponding to[M-46]*,
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Workflow of the quantification of lignin-derived biomass using *C lignin as internal standard (IS) and Py-GC-MS analysis.

Reprinted with the permission of American Chemical Society, in van Erven et al. [84]
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FIGURE 6 Tentatively identification of an unknown oxygenated compound, finally identified as hexacosanal, combining the GC-EI-MS
information obtained at 20 and 70 eV. Reprinted and adapted with the permission of Springer Nature, in Beccaria et al. [86]

the compound was identified as hexacosanal (C,5Hs,0).
Furthermore, the experimental LRI corresponded with the
data reported in the on-line NIST database [86]. Tranchida
and co-workers studied the mass spectral behavior of a
series of organic compounds belonging to different chem-
ical classes (among which FAMEs and alcohols), applying
lower electro-kinetic energies and temperature interface
by using a GCxGC-qMS [87].

Furuhashi and co-workers studied the fragmentation
patterns of methyloxime-silyl derivatives of constitutive
mono- and disaccharide standard isomers analyzed by GC
coupled to field ionization (FI)-MS, also comparing the

GC-FI-MS spectra with GC-EI-MS at standard 70 and
18 eV, and GC-chemical ionization (CI)-MS. FI and CI
modes generated abundant molecular ions and protonated
ions, respectively. At low-voltage EI (18 eV), fewer frag-
ments were observed compared to 70 eV EI, but no molec-
ular ions were detected. Moreover, the authors claimed
that the position of disaccharide linkages could be estab-
lished based on the characteristic fragment ions visible in
FI mode, distinguishing co-eluting isomeric disaccharides
basing on their fragmentation patterns [88]. Although the
coupling of GC with soft ionizations-MS has been reported
in the 1970s, this interesting hyphenation was expanded



BECCARIA ET AL.

in the last decade, probably due to the progress in instru-
ment technology. Different soft ionization techniques have
been coupled to GC systems in the analysis of petrochem-
ical samples; however, no record seems to be reported by
the use of soft ionizations-MS coupled with GC for the
analysis of biofuels and related products [89]. Advantages
and drawbacks of the hyphenation between the most com-
mon atmospheric pressure ionization-MS interfaces and
GC systems and new developments in source geometry, ion
source miniaturization, multipurpose ion source construc-
tions, and comparison with GC-FID and GC-EI-MS detec-
tions have been reviewed by Li and co-workers [90].

6.2 | Mass analyzer
The mass analyzer technologies mainly used in biofuels
analysis are the Q and low-resolution time-of-flight (LR-
TOF). The main limitations of Q compared to TOF tech-
nology are the lower data acquisition rate (dependent on
the scan speed and interscan delay) and the skewing. These
limitations have been for long the main limiting factors
in the employment of QMS systems coupled with fast GC
separation as GCXGC (where usually the peak width is
about 200 ms) in quantitative applications until the begin-
ning of the past decade, when Purcaro and co-workers
reported for the first time an accurate full-scan quantifi-
cation in GCXGC-QMS using a standard comprehensive
2D-GC setup. Due to the continuous improvement in QMS
technology, Purcaros’s work was the spark for the employ-
ment of QMS coupled with GCXGC for quantitative pur-
poses [91]. Even if QMS technology has become a valid
option for quantification in fast GC separation, TOFMS
remains still necessary for an accurate peak reconstruc-
tion. In fact, a characteristic of LR-TOFMS is the high
spectral production frequency. Recently, Schena and co-
workers studied the effect of the MS acquisition range in
qualitative biomass analysis by GCXGC-TOFMS, report-
ing that the use of a high acquisition rate (200-300 Hz)
can increase up to 50% the number of peaks identified in
qualitative analysis comparing with 100 Hz traditionally
used in GCXGC-TOFMS. Coconut fiber bio-oil obtained
by pyrolysis was analyzed by fast GCxGC-TOFMS at five
different acquisition rates (30, 50, 100, 200, and 300 Hz).
Figure 7 shows expansions of 3D (GCXGC-TOFMS) plots
of coconut fiber bio-oil sample chromatograms, consider-
ing the effects of acquisition rates applied. In the 2D plots
obtained at 300 and 200 Hz (Figures 7A and B), it was pos-
sible to differentiate each blob by its shape. On the other
hand, at 30 Hz (Figure 7E) some co-elution was present
[92].

Kloekhorst and co-workers used a GCxGC-HR-TOFMS
system to characterize the compounds present in the lignin
oil after catalytic hydro-deoxygenation and hydrocracking
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processing [93]. Recently, Hung and co-workers employed
an Orbitrap Q-Exactive HR-EI-MS operating at 70 eV cou-
pled with a GCXGC system, equipped with the revere-
set columns, for the analysis of volatile and semi-volatile
compounds in biofuel samples. Compounds were identi-
fied and quantified using an MS resolving power (RP) of
7.500 with a scan rate of 43 Hz, reaching >10 data points
per peak for quantification purpose, with an average mass
accuracy of about 1 ppm. Before the real sample analysis, a
calibration curve for a-pinene was successfully established
to evaluate the sensitivity and the linear dynamic range.
The data acquisition rate represents the main critical point
of Orbitrap technology compared with TOF analyzer in
GCXGC applications. At a mass RP of 15.000, the fre-
quency average is about 25 Hz, which may not be enough
for a proper reconstruction of the narrowest chromato-
graphic peaks. Another limitation is the need to use Orbi-
trap libraries for the identification since the NIST libraries
can lead to some misannotations [94].

7 | DATA HANDLING

The complexity of GC-MS data, whether it is second-
order data from a 1D-GC-MS or third-order data from
a 2D-GC-MS, may require advanced chemometric tools
to provide reliable information for class-type classifica-
tion, pattern recognition, clustering, as well as multivariate
calibration, curve resolution, and more. Considering the
aims, many statistical approaches can be applied, and each
one can include different processing techniques. Statisti-
cal techniques can be grouped in: (i) unsupervised and (ii)
supervised. (i) Unsupervised approaches usually explore
the entire matrix, finding trends and grouping within the
dataset (principal component analysis (PCA), and hierar-
chical clustering analysis (HCA) are the most applied),
while (ii) supervised methods are generally used to pre-
dict new data, basing on prior knowledge on the data
structure. They can be sub-classified as linear (e.g., par-
tial least squares discriminant analysis (PLS-DA)) and non-
linear (e.g., random forest) supervised method. Moreover,
before applying unsupervised and supervised processing
techniques, raw data must be preprocessed to generate a
clean data matrix eliminating as much as possible the vari-
ance and bias, reducing the complexity, and enhancing sig-
nificant signals. Different preprocessing techniques, such
as noise filtering and baseline correction, peak detection
and deconvolution, alignment, normalization, and scal-
ing, are the most commonly applied to handle MS data. A
detailed review of advance chemometric methods applied
in MS data processing was published by Yi and co-workers
in 2016 [95]. An example of the application of unsuper-
vised chemometric techniques for the GC-MS analysis
of biodiesel is reported by Flood and co-workers. The
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FIGURE 7 Zoomed-in 2D GCXGC-TOFMS plots obtained using acquisition rates of (A) 300 Hz, (B) 200 Hz, (C) 100 Hz, (D) 50 Hz, and (E)
30 Hz. Peak 1: unknown; peak 2: methyl benzenediol; peak 3: methoxy benzenediol; peak 4: dimethyl indene; peak 5: methoxy-ethyl phenol;
peak 6- dihydroxyacetophenone; peak 7: benzenediol; peaks 8 and 9: dihydro-indenone isomers; peak 10: methyl benzenediol. Reprinted and
adapted with the permission of Elsevier, in Schena et al [92]
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authors determined the FAMEs profile present in different
biodiesel feedstocks by GC-MS and then investigated the
importance of several chromatographic parameters, such
as temperature program and column polarity, using PCA
and HCA clustering. FAMEs present in biodiesel samples
were clustered or linked based on feedstock type regard-
less of temperature program or column type [96]. Mad-
sen and co-workers applied chemometrics tools after an
extensive characterization of the bio-crude and aqueous
phase from HTL of thermally and chemically pretreated
lignocellulosic biomass (Miscanthus x giganteus) by GC-
MS using pre-derivatization with silylating reagent and
methyl chloroformate. A cutoff of 700/1000 was selected
as MS similarity. Pre-processing techniques, such as base-
line correction, peak alignment, and normalization, as well
as mean-centering and auto-scaling, were applied to the
dataset. PCA was used to visualize the two datasets from
the bio-crude and aqueous phase [97]. However, unsuper-
vised techniques may not be enough to highlight small
compositional differences in complex datasets, requiring
the use of more advanced chemometric tools, like the
supervised techniques, extensively used for examples in
pattern recognition, data prediction, and feature selection.
An example is reported by Mustafa and co-workers. After
the identification of biodiesel FAMEs profile from differ-
ent plant sources by GC-MS, the authors used the dataset
in a pattern-recognition approach applying PLS-DA for
the prediction of the class membership of several sam-
ples of unknown origin. The statistical model was devel-
oped in two different steps: (i) creation of a model class
similarity by using the FAMEs dataset of known samples,
and (ii) creation of a model classification to classify sam-
ples of unknown origin based on the model created in
the first step. The results showed that all samples with
a previously unknown origin were successfully classified.
Authors claimed that, for the first time, a pattern recog-
nition approach was successfully applied in the field of
biodiesel classification and modeling tasks by GC-MS [98].
Supervised chemometric tools have also been used to pre-
dict the feedstock origin and percent composition of blends
of biodiesel and conventional diesel basing on the FAMEs
profile by 1D-GC-MS and 2D-GC-MS, as well as in Py-
GC-MS analysis of bio-engineered field-grown biomass for
the production of high value-added phenolic compounds
[99-101]. An interesting approach to highlight differences
among samples was proposed by Barcaru and Vivo-Truyols
in 2015. The authors developed a statistical method able to
extract meaningful differences between two GCXGC-MS
analyses, in order to highlight the differences between two
samples, to flag differences in composition, or to spot com-
pounds only present in one of the samples. The method
is based on the application of the Jensen—Shannon diver-
gence analysis combined with Bayesian hypothesis testing.

SEPARATION SCIENCE L=

The proposed method was applied to spot contamination
diesel samples analyzed by GCxGC-MS. It is the opinion
of the authors that the proposed method can be success-
fully applied in different fields. The only requirement is a
reasonable resolution [102].

Within advanced chemometrics, machine learning tech-
niques are powerful tools to handle high-dimensional data
[103]. However, particular attention has to be devoted to
the validation of the statistical method employed to avoid
overfitted results, in particular in the prediction mod-
els and feature selection by using supervised techniques
[104,105]. An optimal validated model usually comes from
three sub-datasets, namely, training (to build the model),
validation, and test set (to access the robustness). The use
of asingle data set usually generates an overfitted statistical
model. The first one feeds the candidate algorithms during
the learning process. The validation set compares the per-
formance of the trained algorithms in terms of accuracy,
specificity, and sensitivity, selecting the best ones. The test
set is an independent dataset but having in the same prob-
ability distribution. The test set determines how the build
model fits in terms of accuracy, specificity, and sensitivity
on an independent dataset. In general, there is minimal
overfitting if a model fits well in the same way in valida-
tion and test sets. On the contrary, a better fitting in the
validation than in the test set indicates overfitting. Exten-
sive reviews have been published on validation for compu-
tational methods with MS data [106,107]. Figure 8 reports a
general schematic workflow of the chemometrics method-
ology for biofuels analysis from the acquired GC-MS data
to the application of preprocessing and processing chemo-
metric techniques to the dataset(s).

It is worth mentioning that this generic data handling
approach is more common where a considerable amount
of samples is analyzed, like in genomics, proteomics, and
metabolomics field. In biofuels analysis, only part of this
workflow is usually applied.

8 | CONCLUSION AND FUTURE
PERSPECTIVE

This review describes the main critical aspects and
the most advanced applications of GC-MS-based tech-
niques in the analysis of oxygen-containing compounds
in biomasses and biofuels, mainly focusing on the period
2011-early 2020. Readers can have an overview of what has
been done over the last decade with a look at what it is pos-
sible to do using GC-MS based techniques in biomass and
biofuels analysis. In this context, the problem of the pres-
ence of oxygen compounds in processing biomasses, the
most common sample preparation techniques applied, the
use of analytical pyrolysis coupled to 1D-GC-MS and 2D-
GC-MS, the advantage of 2D-GC separation (both hurt-
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cutting and comprehensive) coupled to MS, as well as the
most common MS ionization and technology applied, the
advanced chemometric tools in data handling, and the
future trends in biomass processing are reported.

As already mentioned previously, since the EI-MS spec-
tra information at standard 70 eV could not be enough
to distinguish between isomers and/or homolog series,
the use of softer and/or soft MS ionization interfaces
coupled with GC is taking more interest to the researchers
in the petrochemical field. Thanks to the continuous
improvement in MS instrument and technology, lower
electro-kinetic energies in EI-MS, as well as the use of
soft ionization techniques, can be crucial for a successful
determination of oxygenated compounds obtained in ther-
mochemical biomass processing. In addition, a complete
retention index database of phenols, carbohydrates, and
lipids can be considered as an additional filter for the
identification of unknown compounds. Moreover, it has
been recently shown that the use of Orbitrap technology

!

Accuracy, Specfficity, Sensitivity |

A general schematic workflow of the chemometrics methodology from the acquired GC-MS data to the application of prepro-

coupled to both 1D- and 2D-GC systems are becoming
a promising tool for the characterization of complex
samples as bio-fuels and related samples.

Considering the complexity of samples obtained from
thermochemical biomass processing, an extra-dimension
separation coupling an LC system to 1D- or 2D-GC-
MS can generate simplified sub-samples, focalizing
the region/compounds of interest and, considering the
amount of non-volatile material may be present, also
reducing problems related to matrix components. This
LC-GC hyphenation is possible due to specific evaporative
interfaces that, over the years, have been modified and
implemented. This LC-GC-MS methodology has been
applied in the past for the analysis of oxygenated com-
pounds in edible and essential oils, process waste stream,
urban air particulate extract, and petrochemical samples,
but no applications seem to be reported in bio-oils/fuels
analysis [108]. It is the opinion of the authors that LC-GC
could be a valid option in the field, although such systems
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are still rather complex and need specialized and trained
people
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