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Abstract

Guided by the instability of the oil market, as well as limited availability of and, especially,
the environmental impacts of fossil fuels, the needs of the market for environmental-
friendly energy sources have increased. However, as with any other product that is
intended to place on the market, it is essential to ensure the quality of the fuel for successful
marketing and acceptance by consumers. Spectroscopic techniques have been widely
used for  different  purposes  in  the  literature  for  the  past  decades,  from biological
applications to the measurement of the elemental composition of planets. From studies
focused on biodiesel, bioethanol, biomass and biofuel in general, different spectroscopic
techniques have also been applied in the area. The focus of this chapter is to elucidate
what has been published in the last few decades over the subject, detailing the basic
concepts of the main spectroscopic techniques applied and showing the results and
developments over biofuel. The aim of the chapter is to achieve a set of information that
can be used as a bigger compile of information of the state of the art regarding the theme.

Keywords: biofuel, spectroscopy, infrared, Raman, NMR, UV/Vis, image analysis,
ICP-OES

1. Introduction

Spectroscopy is a general term for the science that deals with the interaction between the various
types of radiation and matter [1]. Therefore, these types of measures are only possible if the
interaction between photons and matter causes some kind of change in one or more properties
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of the sample. The electromagnetic spectrum can be divided into regions according to the
wavelength of the radiation, as shown in Figure 1.

Figure 1. The electromagnetic spectrum showing the wavelength limits corresponding to each type of electromagnetic
wave. The colored area shows the visible region.

According to the region of the electromagnetic spectrum, different types of spectroscopic
techniques can be used, and the phenomena explored by them are of totally a different nature.
This fact explains the applicability of each technique for specific cases. Table 1 shows the
spectroscopic methods according to the spectral region and the transition type.

Because of its versatility, the spectroscopic methods have been widely used for different
purposes in literature for the past few decades, from biological applications [3, 4] to the
measurement of elemental abundance in astronomical objects [5, 6]. Since the beginning of the
century, the number of publications involving such techniques has grown exponentially.

At the same time, guided by the instability of the oil market, as well as limited availability and
especially the environmental impacts of fossil fuels [7], the needs of the market for environ-
mental-friendly energy sources have increased. However, as with any other product that is
intended to place on the market, it is essential to ensure the quality of the fuel for successful
marketing and acceptance by consumers [8]. For this reason, many countries have specific
legislation that establishes desirable characteristics to minimize problems arising from the use
of these compounds. Quality control, not only for biofuels but also for their increasingly used
blends, is of paramount importance. The type (the chain length, degree of unsaturation, and
presence of other chemical functions) and the concentration of the fatty acids used in the
synthesis of biodiesel, for example, can influence the properties of the final product and its
prerequisites in terms of storage and their tendency to oxidize [9]. The raw materials used and
the process of obtaining biofuel can be decisive in terms of the introduction of some harmful
contaminants in the final product [7]. Therefore, the monitoring of reactions is critical for
quality control [10], and the monitoring of minor components, such as glycerol, water, residual
alcohol, and heavy metals, is very relevant [11].
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Type of energy transfer Region of electromagnetic

spectrum

Spectroscopic technique Quantic transition type

Absorption ɣ-ray Mossbauer spectroscopy Nuclear

X-ray X-ray absorption spectroscopy Inner electrons

Ultraviolet/Visible UV/Vis spectroscopy Bounding electrons

Atomic absorption spectroscopy Bounding electrons

Infrared Infrared spectroscopy Rotation/vibration of

molecules

Raman spectroscopy Rotation/vibration of

molecules

Microwave Microwave spectroscopy Rotation of molecules

Radio wave Electron spin resonance

spectroscopy

Spin of electrons in a

magnetic field

Nuclear magnetic resonance

spectroscopy

Spin of nuclei in a magnetic

field

Emission (thermal

excitation) 

Ultraviolet/Visible Atomic emission spectroscopy Bounding electrons

Photoluminescence X-ray X-ray fluorescence Inner electrons

Ultraviolet/Visible Fluorescence spectroscopy Bounding electrons

Phosphorescence spectroscopy Bounding electrons

Atomic fluorescence spectroscopy Bounding electrons

Chemiluminescence Ultraviolet/Visible Chemiluminescence spectroscopy Bounding electrons

a Adapted from Ref. [2].

Table 1. Spectroscopic methods based on electromagnetic radiation*.

Chromatographic and spectroscopic methods are the most popular ways for biofuel analysis
[11]. Spectroscopic techniques, however, have attributes that make them ideal for use in these
kinds of analytical measurements. These attributes include the following [12]:

• Fast and simple analysis, either qualitative or quantitative, is possible;

• Little or no sample preparation is usually required, and they do not use polluting solvents;

• It is easy to find appropriate calibration standards and methods of analysis that are validated
by recognized institutes;

• Direct and non-invasive analyses are possible;

• Normally, non-destructive methods can be employed, with a few exceptions, such as atomic
spectrometry methods;
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• The observed response is usually directly proportional to the concentration of the species
in the system, except for 13C NMR spectroscopy.

• In-situ analysis can be conducted, for example, in the case of real-time monitoring of biofuel
production reactions;

• They are relatively inexpensive with respect to analysis time and reagents.

For the above reasons, it is relevant to examine the recent advances provided by the introduc-
tion of spectroscopic methods for biofuel analysis. This chapter aims to provide the theoretical
basis of the most widely used techniques for this purpose and to analyze the impact of their
use on this area.

2. Vibrational spectroscopy: infrared and Raman spectroscopy for biofuel
evaluations

The notion that systems comprised by molecules can undergo vibrational motions, in which
their atoms are in constant movement around their equilibrium position, can be explained by
vibrational spectroscopy [13]. Every molecule contains a ground state energy (including
vibrational energy), which can be described as the sum of different components. This energy
defines the minimum energy with which atoms in a molecule can move in a periodic motion,
described mainly by the six movements shown in Figure 2.

Figure 2. Main vibrational modes for molecules.

The principle of this spectroscopy type is that electromagnetic radiation can interact with
molecules, leading them from their ground state energy to a vibrational excited state energy
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in which the atoms’ movements have higher energy. The state transition follows quantum
mechanical rules and obeys quantized energy levels; for a harmonic oscillator view of the
vibration, the energy that takes a molecule from a vibrational state to an immediately higher

state is (12ℎ�), where h is the Planck constant and v is the frequency of the vibration. Hence,

the photon that can interact with a molecule must have an energy that equals this value in
order to change its vibrational state; otherwise, the transition is not achieved. The portion of
the electromagnetic spectrum that can lead to these transitions is the infrared region. This
region can be divided into three different parts, with different applications for spectroscopic
study: near infrared (NIR), 14,000–4000 cm−1, allows the study of overtones and harmonic or
combination vibrations; mid infrared (MIR), 4000–400 cm−1, allows the study of the funda-
mental vibrations and the rotation-vibration structure of small molecules; and far infrared
(FIR), 400–10 cm−1, allows the study of low-heavy atom vibrations [14]. A polyatomic molecule
can undergo many types of vibration, depending on their number of atoms and their degree
of freedom. For nonlinear molecules, the number of possible vibrations can be defined by the
3N – 6 rule, where N is the total number of atoms. Hence, different molecules undergo different
types of vibration, leading to different possible transitions by absorbing infrared radiation.
This is the premise of this type of spectroscopy, since a spectrum achieved by such technique
can be seen as the fingerprint of a molecule and can be used specially for functional group
analysis [15].

The two major techniques to study these vibrations are infrared and Raman spectroscopy, and
they have been studied to a greater degree than the other techniques for applications since the
middle of the twentieth century. Although the theoretical knowledge was developed during
the prior century, it was not until World War II that infrared spectroscopy had a breakthrough,
with the number of instruments going from less than 20 prior to the war to 700 by 1947 [16,
17]. In fact, several UK/US programs during the war prompted research and development of
the early commercially available infrared instruments, such as those used in petroleum
analysis (e.g., to trace the origin of gasoline used by the German air force), in quality control
for the production of synthetic rubber, and in resolution of the structure of penicillin [16–18].
Examples of early publications range from industrial applications to more academic studies
For example, Downing et al. [19] used infrared spectroscopy to differentiate isomers of the
molecule dichlorodiphenyltrichloroethane and to qualitatively detect the presence of
impurities in its samples, and Pfann et al. [20] used infrared spectroscopy to evaluate the
presence of molecular fragments of the initiators used to catalyze a polymerization reaction
in the structure of the final polymer. Regarding the biofuels area, since it is a more recent
subject, the first described applications of infrared spectroscopy started to appear only by the
end of the 1990s. In 1996, Adjaye et al. [21] used it to characterize different mixtures of silica-
alumina and HZSM-5 as catalysts for the catalytic conversion of a biofuel from the thermal
processing of maple wood to liquid hydrocarbons; in the same year, Sanderson et al. [22] used
the technique for the compositional analysis of biomass feedstocks. Raman spectroscopy, on
the other hand, was applied for biofuel studies almost a decade later than infrared
spectroscopy, as in the work of Oliveira et al. [23]. They used the technique to determine the
adulteration of diesel/biodiesel blends by the addition of vegetable oil. In this study, both
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Raman and near-infrared spectroscopy were applied for the determination, and both gave a
final similar accuracy result for the quantification of the adulteration, dependent on the
algorithm used for the calculation.

The two techniques, although related to the vibrational modes of the molecules, have different
principles and are complementary. Infrared spectroscopy is based on radiation absorption,
while Raman spectroscopy is based on the interaction via inelastic collisions. In infrared
spectroscopy, an infrared photon of certain energy (with a frequency v), can be absorbed by a
molecule if that energy is exactly the same as the energy difference between a vibrational
ground state and a vibrational excited state; using a simplified harmonic model, the energy

difference between the two states is (12ℎ�), as mentioned before in the text. Hence, the photon

energy (Ep) needed so that a transition is possible is defined by:

1 .
2

= D =pE E hv (1)

However, even if a photon has such energy, this state transition may not exist due to the main
selection rule of infrared spectroscopy: for absorption to occur (hence, transition), the vibration
needs to lead to a change in the dipole moment. If no change occurs, then that transition is
considered “infrared forbidden” [13]. The intensity in which the transitions occur also depends
on the molecular bonds related to the vibration, since it is proportional to the square of this
dipole moment [24].

For Raman spectroscopy, the dipole moment change by the vibration is not the cutting rule,
and vibration transitions that are not allowed in infrared spectroscopy may be allowed in
Raman spectroscopy. This is due to the different phenomena taking place in this spectroscopy;
as said, the technique takes advantage of an inelastic collision between the photon and the
molecule, leading to the scattering of the electromagnetic radiation with different wavelength
than the irradiated. The electric field in the electromagnetic radiation can interact with the
molecule, creating an additional induced dipole moment as a response of the electrons and
nuclei moving in opposite directions of the field, in accordance with Coulomb's law [25]. The
dependency in this case relates to the ability of the molecule to be polarized, measured by its
polarizability, that is, the deformability of the electron cloud around the molecule by an
external electric field. In fact, the selection rule for a vibration transition in Raman spectroscopy
is that it causes a change in the polarizability of the molecule. The incident photon is then
momentarily absorbed by the molecule, leading to a transition from the ground state into a
virtual state; a new photon is created and scattered by a transition from this virtual state to a
lower energy vibrational state, as shown in Figure 3. Most of the scattered light is the same
frequency as the initial light, as described by Rayleigh scattering, which does not contain any
information regarding the molecule. The information comes from the Stokes and anti-Stokes
scattering, in which the molecule goes from a ground state to a virtual state or from an excited
state to a virtual state; in the first case, the scattered light has a frequency smaller than the initial
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light, while for the second, the scattered light has a frequency higher than the initial light.
Hence, the Raman spectra can be divided by both types of scattering spectra, and the frequency
difference is equivalent to the one in infrared spectroscopy.

Figure 3. Energy-level diagram for the possible transitions in infrared and Raman spectroscopy.

For both techniques, characterization is one of the main possibilities, since the frequencies of
the molecular vibrations depend on the masses of the atoms, their geometric arrangement, and
the strength of their chemical bonds. The spectra provide information on the molecular
structure, dynamics, and environment [24].

In terms of application, both techniques have different apparatus schemes, which will not be
dealt by the authors here, but can be easily found elsewhere. Regarding the difference between
the techniques for comparison purposes, Peter Larkin has described it in his book “Infrared and
Raman Spectroscopy: Principles and Spectral Interpretation,” as shown in Table 2.

Raman Infrared Near-IR

Ease of Sample Preparation Very simple Variable Simple

Liquids Very simple Very simple Very simple

Powders Very simple Simple Simple

Gases Simple Very simple Simple

Fingerprinting Excellent Excellent Very good

Best vibrations Symmetric Assymetric Comb/Overtone

Group frequencies Excellent Excellent Fair

Aqueous solutions Very good Very difficult Fair

Quantitative analysis Good Good Excellent

Low-frequency modes Excellent Difficult No

Table 2. Comparison of Raman, mid-IR and near-IR spectroscopy, taken from [24].
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The difference between the spectra of samples achieved by infrared spectroscopy and Raman
spectroscopy is illustrated by Corsetti et al. [26], in which both techniques were used to
quantitative measurements in systematically varied blends of ethanol and a gasoline, a subject
of interest due to the production of bioethanol. Figure 4 shows a comparison between the two
techniques for the mixture and for pure ethanol and gasoline.

Figure 4. IR and Raman spectra of pure ethanol (red), pure gasoline (dashed blue), and blends (black), presented in
[26].

A comparison between the spectra can be very direct, in which bands that are very intense for
IR spectroscopy have low intensity in Raman spectroscopy, and vice versa. The vibrational
bands related to alcohol molecules, which are the stretches of the O─H (3600–3000 cm−1) and
the C─O (1000–1100 cm−1) bands, are intense in the IR spectra due to the electronegativity that
causes great change in the dipole moment; however, these vibrations are not very polarizable,
so they are shown with low intensity in the Raman spectra. On the other hand, the bands
related to the stretches and bending of the C─H bands (3000–2800 cm−1 and 1600–1200 cm−1)
do not cause much change in the dipole moment and are not very intense in the IR spectra,
while they tend to be more polarizable and have greater intensity in the Raman spectra.
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As mentioned previously, the first applications of the two techniques in the biofuel area were
for the characterization and quantification of components/properties of biofuels. These types
of applications are very common, and a great amount of work from the past two decades can
be found in the literature regarding it. Characterization is the principal feature of these
techniques, which have been applied in different situations. One of them is the evaluation of
catalysts, as in the study of heterogeneous biocatalysts from sucrose, saw dust, and chicken
egg shells for biodiesel production by Wembabazi et al. [27]. Another study investigated the
production of hydrocarbon biofuels through hydroprocessing of carinata oil [28], while other
looked at the production of bioadditive fuels from bioglycerol under eco-friendly conditions
[29]. Many other works can be found that deal with this theme [21, 30–32] Characterization
has been applied not only to the catalysts used for biofuel processes but also to the biofuel
itself, such as the structural analysis of bio-oils from the subcritical and supercritical hydro-
thermal liquefaction of a plant from Turkey in a study by Durak and Aysu [33], or the charac-
terization of insoluble material isolated from Colombian palm oil biodiesel in Plata et al. [34].
Also, Nanda et al. evaluated horse manure through catalytic supercritical water gasification
as a possible next generation feedstock for biofuel production [35]. Many others have used this
approach [36–42].

Another great feature of these techniques is their concentration dependency. The intensity of
the signals is related to the characteristic of the band vibration and to the number of molecules
needed to make the state transition (i.e., molecular concentration). This dependence can be
defined by the Lambert-Beer law, which states that there is a linear relationship between signal
and concentration. Hence, this can be used for the estimation of the concentration of compo-
nents present in mixtures or for other properties in different systems. As commented earlier,
one of the first articles published using infrared spectroscopy aimed to achieve a compositional
analysis of biomass feedstock, where they determined the chemical composition of several
woody and herbaceous feedstocks (121 samples in total) using NIR spectroscopy. Samples were
analyzed for ethanol extractives, ash, lignin, uronic acids, arabinose, xylose, mannose,
galactose, glucose, and C, H, N, and O, and all those responses were quantified using spec-
troscopy. The results showed great correlations for most responses, as depicted in Figure 5,
suggesting that infrared spectroscopy was able to quantify components related to biomass
feedstocks with high accuracy responses.

For quantification or classification purposes, many chemometric algorithms can be applied to
vibrational data to transform the data to more relevant quantitative information. In the case
of the Sanderson’s work presented above, partial least squares regression (PLSR) was used to
convert the spectra data to the responses. Several other works in the biofuel area have used
different algorithms for the quantitative evaluation of different responses or for quality control
and classification, such as multivariate linear regression (MLR), principal component regres-
sion (PCR), support vector machines (SVM), artificial neural network (ANN), partial least
squares-discriminant analysis (PLS-DA), principal component analysis (PCA), K-nearest
neighbors (KNN), linear discriminant analysis (LDA), quadratic discriminant analysis (QDA),
regularized discriminant analysis (RDA), amongst others [39, 43–60] (see Figure 6).
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Figure 5. Graph of predicted vs. observed values of the responses studied in [22] for the quantification of components
present in biomass feedstock.

Figure 6. Scheme of the biodiesel production reaction made by [79].

Other applications in the area using the vibrational techniques are the evaluation of biofuel
degradation [61–64] and process evaluation [65–70]. Regarding the latter subject, a new
strategy for process optimization and control emerged in the last decade, namely, the process
analytical technology (PAT) initiative [71]. PAT can be defined as the optimal application of
technologies in feedback process-control strategies, information management tools, and/or
product-process optimization strategies, as described by Chadwick et al. [72]. To meet its
objectives, real-time sensing techniques are employed to control and monitor parameters
throughout the processing chain, achieving a great amount of data. In the literature, PAT has
been applied to follow reaction paths, monitor conversion over time, and even quantitatively
evaluate catalyst efficiencies for biodiesel production [73–79]. As an example, from our
research group, Kartnaller et al. have used infrared spectroscopy and chemometrics to follow

Frontiers in Bioenergy and Biofuels34



the esterification reaction of a free fatty acid to biodiesel, quantifying each component in the
mixture and evaluating different enzymatic catalysts [79]. Figure 7a shows the change in the
spectra of the reaction mixture in which the bands related to different components change as
the reaction progress. As discussed, the spectroscopic signal is concentration dependent per
the Lambert-Beer law; hence, if a product in a mixture changes in its concentration, so will the
intensity of its bands. With the advance of technology, the infrared equipment has changed in
the past few decades and new types have been shown in the market. This has allowed the
equipment to acquire more information in less time and in an automated manner, which may
generate a great deal of information and allow easy monitoring of reaction paths, as shown in
Figure 7b.

Figure 7. (a) Change in the intensity of infrared bands from different components in a mixture due to reaction and
(b) quantitative monitoring of the different components of the reaction over time, calculated by the Lambert-Beer
law, from [79].

Hence, it is easy to conclude that vibrational spectroscopy has a large range of applications in
general, and the biofuel area has used it for many types of goals in the past years. With the
increase of technological advances, both from the technical perspective and the biofuel
research, the use of the technique is bound to increase even more.

3. Nuclear magnetic resonance and biofuel applications

The theory of nuclear magnetic resonance (NMR) spectroscopy was proposed by Pauli in 1924.
He suggested that when certain atomic nuclei have spin and a nuclear magnetic moment, in
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the presence of an applied magnetic field (Bo), they could be induced to absorb energy and
change their spin orientation with respect to this applied field [1, 15].

The independent works of Felix Block and Eduard Purcell in 1946 experimentally showed that
by absorbing electromagnetic radiation in the presence of an intense magnetic field, the nucleus
experiences an unfolding of its spin state energy levels, as shown in Figure 8, which is
dependent on the spin itself. In addition, the energy absorbed must equal the energy difference
between the two states involved; in this case, the energy absorption is a quantized process [15].
The stronger the applied magnetic field, the greater the energy difference between the two
inverse spin states, as shown in Figure 9.

Figure 8. Energy levels for a nucleus with spin quantum number; (a) I = 1/2 and (b) I = 3/2 in the absence and in the
presence of an applied magnetic field (Bo).

Figure 9. Spin state energy separation as a function of the increase in the magnetic field.

NMR spectroscopy is based on the measurement of the absorption of electromagnetic radiation
in the radiofrequency region (4–900 MHz). The applied magnetic field differentiates the energy
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of the two inverse spins of the nuclei that was previously degenerated, allowing the state
transition to be achieved by the absorption of radiation and generating the signal. Hence, in
this technique, the nuclei of the atoms are the main parts involved in the absorption process,
while there is a great dependence on the applied magnetic field.

After the studies performed by Block and Purcell, other scientists discovered that the frequency
of absorbed radiation by certain nuclei is strongly affected by their chemical environment,
which is influenced by their electrons and nuclei neighbors. Hence, this phenomenon can
associate the absorption spectra with the molecular structure. This discovery showed the great
utility of NMR, since it is based on spectrum information, it is possible to obtain the structural
elucidation of a molecule.

Figure 10 shows the predicted 1H NMR spectra for ethanol, in which the nucleus evaluated is
of hydrogen-1. Since the hydrogen nucleus is composed solely on a proton, the spectroscopy
is commonly referred to as proton NMR. As was said before, not all nuclei in a molecule have
a transition resonance at the same frequency, since the nuclei in a molecule are surrounded by
electrons and exist in slightly different electronic environments. For the molecule of ethanol,
there are three different chemical environments, which generate small differences in the
absorption frequency of the nuclei. This is defined by the chemical shift (δ). The chemical shift
can be used to identify functional groups and can help in the elucidation of the structure
arrangements of groups. These applications are based on empiric correlations between
structure and shift. Several tables have been published with values of the chemical shifts related
to functional groups and molecules [15, 80]. In addition, the exact values of chemical shift
depend on the solvent type and solution concentration. For the proton NMR spectra, the
chemical shift values are defined in relation to an internal standard molecule, tetramethylsilane
(TMS), and they vary between 0 at 20 ppm, while TMS is defined as zero.

Figure 10. Predicted 1H NMR spectra of the ethanol molecule.

Nowadays, two types of spectrometers are commercially available: the continuous-wave (CW)
and the pulsed or Fourier transform spectrometer (FT-NMR). Historically, CW instruments
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were mainly used for spectroscopic studies. Today, FT-NMR instruments dominate the market.
For the CW instruments, the absorption sign is monitored while the frequency source is varied
slowly. In some instruments, the frequency source stays constant, and the intensity of the
magnetic field is varied. For the pulsed instruments, the sample is irradiated with a periodic
energy pulse of radiofrequency, which leads to a signal in the time domain that decays in the
interval between the pulses. This decay is known as the free induction decay (FID), and the
signal is converted to a sign frequency domain using the Fourier transform (a mathematical
operation), resulting in a spectrum, as shown in Figure 11.

Figure 11. (a) Time domain. FID Curve for 1H NMR for acetone; (b) spectra created using the Fourier transformation to
convert the time domain to a frequency domain.

The integrated peak areas of 1H NMR are proportional to the number of nuclei present in the
molecule; that means, for the molecule of ethanol shown in Figure 10, the three different types
of hydrogen have signals in which the areas are proportional to 3:2:1. However, for 13C NMR
spectra (another very common NMR technique in which the nuclei analyzed are from the
carbon-13), the signals are not proportional to the number of nuclei present, and they cannot
be used for this type of proportional characterization. Other applications use proton NMR for
the determination of functional groups within the molecules, such as hydroxyl in alcohols and
phenols, aldehydes, carboxylic acids, olefins, amines, and amides [1]. NMR can also be
correlated to the concentration of the molecule itself, not only to the amount of nuclei within
it. The technique can be used for the quantification of compounds in mixtures, especially when
there are different types of functional groups [81, 82].

13C NMR, as with 1H NMR, can be used for the determination of organic and biochemical
structures. These determinations are based on the chemical shifts and, as for the 1H spectra,
these values are relative to tetramethylsilane, with values between 0 and 200 ppm. In general,
the effects of the environment are analogous to the ones observed for the 1H NMR. The
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applications of Fourier transform methodology and broadband decoupling of protons have
accelerated the development of, and enhanced the interest in, 13C NMR spectroscopy. Techni-
ques such as distortionless enhancement by polarization transfer (DEPT) and 1H-13C COSY
(HETCOR) have further endeared 13C NMR spectroscopy to organic chemists. In general, 13C
NMR spectroscopy allows chemists to directly observe the carbon framework of organic
moieties and to make (collaborative) inferences about active nuclei attached to the carbon
backbone. The technique is particularly valuable in research on natural products, pharma-
ceutical drugs, and biochemical processes, where complex cyclic species are common and often
difficult to identify with only 1H NMR [82].

This section illustrates the utility and application of NMR spectroscopy as a probative tool in
the field of biomass, bio-oils and biofuels. Examples of its application include describing the
characterization of the pyrolysis of biomass to achieve bio-oils, analyzing oil quality using
quantification methodologies, and real-time monitoring of reaction paths for biofuel produc-
tion [83–87].

Many reports in the literature describe the techniques used to obtain liquid fuels from biomass,
including fractionation, liquefaction, pyrolysis, hydrolysis, fermentation, and gasification.
Biomass pyrolysis is the cheapest way to obtain these products [88], and therefore it is the most
studied methodology for such conversion [89], either in terms of physical properties or
characterization of the resulting components [84, 90–92]. Compounds such as acids, esters,
alcohols, ketones, aldehydes, anhydrosugars, furans, and phenols are usually found in bio-oil
[93, 94], and its exact composition is strongly dependent on a number of factors, including the
biomass origin and composition, the reaction temperature and heating rates to which the
biomass is submitted, and the residence time on reactors [95]. During the pyrolysis process,
the oil fractions are condensed, collected in a sample tube, and posteriorly analyzed. NMR
spectroscopy is a suitable method for biomass pyrolysis studies. Different from other spectro-
scopic techniques, which can be limited for only the qualitative analysis of bio-oil samples,
1H and 13C NMR can be used as a way to obtain approximate ratios of the chemical environ-
ments of protons and carbon atoms. Besides, it can be useful to determine the approximate
aromatic/aliphatic ratios. Another advantage is that NMR is a nondestructive technique, and
the sample fractions can normally be recovered after the procedure.

Mullen et al., for example, described a method using 1H and 13C NMR to characterize bio-oils
fast pyrolysis from numerous types of biomass [95]. Based on the proton NMR spectra of six
different bio-oils and the integral values of selected regions, the 1H and 13C NMR spectra were
used to determine the functional groups present in each oil. Using the DEPT spectra that were
enabled, it was possible to evaluate the extent of branching in the molecules. These procedures
provided important structural data about the analyzed samples. The work of Ben and
Ragauskas [96] described an in-situ investigation of the relationship between the structures of
pyrolysis oil at various time points during the accelerated aging process at 80°C, using 1H and
13C NMR. It was possible to detect a reduction in the percentage of aldehyde, carboxylic acid,
and ether compounds, while the level of aromatic, alkene, and alkane compounds increased.
In other words, it was possible to use NMR spectroscopy in the investigation of structural
changes of pyrolysis oil compounds before and after an accelerated aging process.
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The NMR technique has an advantage with respect to other common methods, such as infrared
spectroscopy or chromatographic techniques, as it has high resolution compared to the others,
and it also offers the possibility of obtaining valuable structural information. Besides that, the
accelerated aging process of pyrolysis oil is carried out inside the NMR equipment, so the
analysis is made in situ and in real time [96].

NMR spectroscopy can also be used for quality control either of the vegetable oils used as raw
material for biofuel production or the final obtained product [38]. The quality of the vegetable
oil influences many properties in the produced biodiesel, such as viscosity, lubricity oxidative
stability, cold flow, ignition quality, and the heat of combustion. The type of fatty acid also
influences the final product. Monounsaturated and saturated fatty acids are more stable than
highly unsaturated ones, although they show higher viscosity and a bigger tendency to solidify
in cold weather.

Analytical techniques for fatty acid determination, such as gas chromatography and near-
infrared spectroscopy, need calibration models using some standards with similar chemical
composition related to the analyzed sample [38]. High-resolution NMR has an advantage
above the others because calibration models are not necessary. It is possible to quantify
compounds in the sample through observing the integrated area of peaks with the chemical
shift corresponding to a specific type of fatty acid [97]. Usually, the acquisition time for this
type of analysis is quite long. However, Prestes et al. developed a method that is useful in
determining the fatty acid profile in intact seeds in a fast and automated way using low-
resolution NMR. It was possible to analyze more than a thousand samples per hour, thus
working as a powerful tool to speed up the selection of oilseeds that are suitable for biodiesel
applications [98]. Garro Linck et al. successfully analyzed biodiesel obtained via the transes-
terification of different raw materials using low-field spectrometers [99].

Another NMR application is as the PAT tool (as described for infrared spectroscopy), which
can be used for the in-situ monitoring of the biodiesel production process, where sampling
is not necessary [85]. As was discussed, 1H NMR spectroscopy can be a robust, rapid, and
quantitative method that can be applied for determining the presence of multiple compo-
nents due to specific chemical shifts in the spectrum, and reaction monitoring can be ap-
plied over time, based on the integration of individual proton signals. An example of this
application is the work of Anderson and Franz, where they used high-resolution NMR
equipment for the monitoring of the biodiesel production reaction, evaluating the transes-
terification of triacylglycerol (TAG) and the resulting products, including diacylglycerol
(DAG), monoacylglycerol (MAG), glycerol, and fatty acid methyl esters (FAME) [100]. Due
to different molecular structures and different environments and different forms of hydro-
gen, it is possible to differentiate the signals from each molecule and evaluate them over
time, as shown in Figure 12.

Anderson and Franz were able to see, then, the decrease of the TAG bands due to the bio-
diesel production and also the isomers of intermediates, such as DAG, throughout the reac-
tion. This is a statement of the sensibility and sensitivity of the NMR spectroscopy
technique in achieving information from the molecules, which could not be achieved by
other techniques.
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Figure 12. 1H NMR stacked spectra over time of transesterification for biodiesel production, where Y indicates the TAG
glyceryl methine at 5.27 ppm, Y1 indicates 1,2-DAG glyceryl methine at 5.08 ppm, Y2 indicates TAG glyceryl methyl-
ene at 4.29 ppm and Y3 indicates 1,3-DAG glyceryl methine at 4.09 ppm [100].

4. UV/Vis spectroscopy and image analysis for the quantification and
classification of biofuels

The absorption of radiation in the ultraviolet/visible (UV/Vis; 200–700 nm) region results from
the excitation of bounding electrons. The UV/Vis radiation has enough energy to promote
electronic transitions, and this is the main principle investigated by UV/Vis absorption
spectroscopy. This technique is very useful in identifying functional groups in a molecule
because a correlation between the absorption bands and the functional group can be done.
While inorganic compounds normally absorb light in the visible part of the spectrum, organic
molecules usually present some functional groups capable of absorbing radiation from UV
light sources. These functional groups must be unsaturated or have a heteroatom with non-
bonding electrons, such as oxygen, sulfur, or halogens. Table 3 shows some functional groups
and the radiation wavelength absorbed [1].

According to the Lambert-Beer law, the intensity of the absorption of radiation by the species
present in the sample is directly proportional to its concentration in the system. Thus, quan-
titative determination of compounds containing absorbing groups can be easily made. UV/Vis
spectroscopy is widely used for many applications, including in the biofuel area, since it is low
cost and allows the analyst to perform qualitative and quantitative analysis in a fast and reliable
way.
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Functional groups Example λmax (nm)

Alkene C6H13CH═CH2 177

Alkyne C5H11─C≡C─CH3 178

196

225

Carbonyl 186

280

Carboxyl CH3COOH 204

Aromatic C6H6 255

Alcohol CH3OH 167

Esther C6H10O3 250

Halogen CH3I 258

Sulfur (CH3)2S 229

Table 3. Ultraviolet absorption of some organic molecules.

UV/Vis spectroscopy is very useful, for example, for the evaluation and quantification of the
blend level in biodiesel/diesel mixtures. The utilization of blends between biodiesel and
conventional diesel is very common, and the blend level can vary. Usually, pure biodiesel is
referred to as B100, while some blends are classified according to its percentage of biodiesel,
such as B20, B5, and B2 (respectively presenting 20, 5, and 2% of biodiesel in conventional
diesel). The blend level directly influences some important characteristics of the fuel, such as
its lubricity and tail pipe emissions [101]. Thus, it is very important to develop adequate
methods for such applications. For example, Zawadzki et al. studied different types of biodiesel
blends, employing an UV-Vis spectrometer as a low-cost detector to identify the range of UV
frequencies suitable for detecting the biodiesel blend level [102]. The proposed method is
robust, even with changes in the biodiesel feedstock and the fuel diesel origin.

UV/Vis detectors are also widely employed in high-performance liquid chromatography
(HPLC) [103–105]. Many papers describing the use of HPLC-UV/Vis for biofuel analysis can
be found in the literature. An interesting example is a statistical study performed by Foglia et
al. [106], in which the precision and accuracy of HPLC-UV/Vis were evaluated with good
results. This system was employed to determinate the level of simple alkyl esters of fats and
oils (biodiesel) blended in petroleum diesel and to validate this method for this kind of analysis
using different biodiesel feedstocks.

Another interesting application involving biodiesel/diesel blends is the detection of adultera-
tions using vegetable oil. Commonly, near/mid infrared spectroscopy and spectrofluorimetry
are used for this kind of analysis together with chemometric tools for multivariate classifica-
tion/calibration [104]. These are expensive methods, so it would be interesting to evaluate the
possibility of detecting adulterated blends using UV/Vis spectroscopy, which is simpler and

Frontiers in Bioenergy and Biofuels42



cheaper. A study performed by Fernandes et al. employed UV/Vis and chemometric tools to
detect soybean oil in biodiesel/diesel blends, focusing on biodiesel/diesel blend (B5) adulter-
ations with soybean oil percentages from 0.5 to 2.5% (v/v) [105].

Another application that is indirectly correlated to the concept of visible light spectroscopy
and that has been applied throughout the past few years is image analysis. The simplest
definition for the word image can be understood as an optical replica of a luminous or illumi-
nated object formed by a mirror of lens. Therefore, the object that gives rise to an image does
so through an interaction with electromagnetic radiation, either by emission or absorption
processes. Over the years, a wide variety of analytical methods involving image analysis as
the main tool have been introduced, due to the ease with which they are carried out in a fast,
noninvasive, and inexpensive way compared to more advanced spectroscopic techniques.
New fields were opened with the introduction of chemometric methods to analyze image
analysis results, such as exploratory image analysis, multivariate statistical process monitor-
ing, multivariate regression, and image resolution [107]. The versatility of this technique has
been explored in several areas, from flame determination of elements [108] to biochemistry
analysis [109], providing fast and cheap results in a simple way.

In the field of renewable fuels, image analysis has been also explored for applications in various
stages of production. For example, for the application of microalgae for biofuel production, an
area that has attracted increasing attention recently, digital image processing has been
successfully used as a way for monitoring and quantifying the amount of biomass present on
photobioreactors, using the RGB color system [110], and also to build the light distribution
profile in microalgae cultivation [111], a key factor for mobile productivity. Another interesting
application related to microorganisms with potential use in biodiesel production is the
determination of the intracellular accumulation level of lipids in yeast cells, which can be done
in a dynamic and nondestructive manner via high-content images [112].

Because biodiesel quality control is becoming increasingly important, given the high market
demand for renewable energy sources, methods such as image analysis have emerged as fast
and reliable alternatives for the evaluation of some parameters. RGB/gray scale histograms
obtained from digital images have been used together with statistical methods in biodiesel
classification as an efficient way to determine the feedstock used in its production, since this
influences the properties of the final product [113] without, however, employing time-
consuming techniques, such as chromatographic methods. Another example is the application
of image analysis together with thin layer chromatography, a very simple method, for glycerol
detection in biodiesel [114]. This organic compound is a byproduct of the manufacturing
process and is considered a contaminant in the final product. Similarly to fossil fuels, the
burning of biodiesel, for example, causes the emission of pollutants, such as NOx species.
Image analysis has proved useful in the prediction of the level of these emissions by the use
of flame radical imaging to monitor the biomass combustion process [115].

In the coming years, researchers expect that image analysis will be explored in other stages of
the production process because of its potential for easily obtaining relevant results for the
biofuel area.
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5. Atomic absorption and emission: trace element determination in
biofuel samples

The determination of trace elements in biofuels is a key parameter for their use, and the
importance of conducting such analyses reliably and quickly grows as the global demand for
renewable energy sources becomes greater. The main spectroscopic techniques currently used
for trace elements determination in biofuels are based on the phenomena of emission and
absorption of electromagnetic radiation by atoms or elementary ions. In the case of the atomic
absorption principle, electronic excitation occurs in atoms from the ground state to more
energetic electronic levels because of energy absorption at specific wavelengths that are
characteristic of each element. The excited electrons tend to quickly return to the ground state,
releasing energy at wavelengths also characteristic of each element. This is the concept
explored by atomic emission methods. Both of the concepts are shown in Figure 13.

Figure 13. Atomic energy absorption/emission. The blue circles represent electrons, and the blue vacancies represent
the final electron state after the absorption/emission occurs; h is the Planck constant and λ represents the wavelength
in which the transition takes place.

The most common techniques are inductively coupled plasma-optical emission spectrometry
(ICP-OES) and atomic absorption spectrometry (AAS) [116]. ICP-OES employs a highly
energetic plasma, formed by an electrically neutral gas, usually argon, converted to positive
ions and electrons. Such plasma has enough energy to atomize, ionize, and virtually excite all
the elements of the periodic table to more energetic electronic states [117]. These species tend
to return rapidly to the ground state, releasing energy at characteristic wavelengths depending
on the elements present in the analyzed sample, and the radiation intensity is directly pro-
portional to the concentration of the element in the sample [1]. AAS also employs atomization
methods as well as emission techniques. Commonly, this process is carried out by means of a
flame, in which desolvation, evaporation, and dissociation of the molecules into atoms take
place [1]. Another common atomizing method is electrothermal atomization, in which the
energy for volatilization and atomization is provided by means of an electric current applied
to a graphite furnace [118]. Two more specific atomization techniques are hydride atomization
by heating a quartz tube, a very common method for the analysis of some metals, such as
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arsenic, and the cold vapor technique, which is widely used for mercury determination. After
atomization, the analytes are submitted to radiation from a source, whether a single emission
line source (e.g., hollow cathode lamps, multielement lamps or electrodeless discharge lamps)
or a continuous source (e.g., halogen or deuterium lamps) that needs an auxiliary monochro-
mator system to select the desired lines [119]. The analytes in the ground state absorb energy
at specific wavelengths corresponding to their more favorable electronic transitions, thus
generating an absorption spectrum whose intensity depends on the population of the atoms
in the ground state, directly proportional to their concentration in the sample.

Trace elements may cause significant problems with serious implications for the use of biofuels,
such as biodiesel and bioethanol. Such elements can be present in original vegetable oils
subjected to transesterification processes due to absorption from the soil by the plant used as
a feedstock, or they may even be incorporated in the vegetable matrix by means of the catalysts
used in the biofuel synthesis or extraction/refining procedures [120, 121]. Sodium and potas-
sium, for example, are used in the form of hydroxides in the synthesis of biodiesel, and together
with Al, Ca, Fe, Mg, and Ti, they form a group of elements that tend to form a large amount
of ash (metal oxides) after the fuel is burned [122, 123]. It causes difficulties for the operation
of the gears, reducing the longevity of the engines. Furthermore, these elements are also
involved in corrosion processes [121]. Some transition metals, such as Cu, Pb, Cd, and Zn, can
cause biodiesel oxidation [124], resulting in residues that may be deposited in the engines.
Moreover, they can contribute to air pollution and cause environmental damage due to their
toxicity [116]. The sulfur level in the produced biofuels also must be carefully monitored
because of emission legislation. Sulfur has been related to the depletion of the Earth’s ozone
layer, acid rain incidence, and chronic respiratory diseases. Low sulfur levels are also needed
for good performance in modern engines [125, 126]. Iron and vanadium can act as catalyst
poisoners and may reduce the efficiency of advanced catalysts that are commonly used in gears
[127]. Some additives that are added to biofuels to improve physical or burning characteristics
also contain metals, and their levels must be monitored. Because of these problems, strict laws
have been adopted for the maximum level of metal contaminants in commercial biodiesel.
Table 4 presents the tolerated level of some metals established by ASTM standards [128].

Biofuel Element Maximum level ASTM standard (year)

Biodiesel Na+K 5 ppm D6571 (2012)

Ca+Mg 5 ppm D6571 (2012)

S Biodiesel S15: 0.0015%
Biodiesel S500: 0.05%

D6571 (2012)

P 0.001% D6571 (2012)

Fuel ethanol S 30 ppm D4806 (2014)

Bioethanol Cu 0.1 ppm D1688 (2012)

P 0.5 ppm D3231 (2013)

S 10 ppm D3231 (2013)

Table 4. Maximum concentrations allowed for some trace elements in biofuels (ASTM standard).
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It has become essential to develop precise, accurate, and sensitive methods that are applicable
for monitoring metal contaminants to qualify biofuels according to the established standards
for their use. The quantification of metals in bioethanol and biodiesel, for example, is associated
with a number of difficulties, such as their low concentration in the organic matrix (in the range
of µg/L), the limited number of certified standards, the sample complexity, and the dependence
of the final product on the raw material used [128].

Despite ICP-OES and AAS being the most widely used techniques, the details involved in
the determination of metals in biofuel samples must be observed. In general, organic matter
decomposition procedures (often microwave assisted) can be applied to convert the matter
to a simple aqueous matrix, therefore reducing the chances of spectral interference with the
measurements and avoiding difficulties in the injection of these samples [129–134]. This
process is also necessary because of the difficulties in introducing the samples in atomizers
and in selecting appropriating calibration standards for the analyzed system [135].

In some cases, however, direct injection of samples of biodiesel, bioethanol or fuel ethanol
may be advantageous in order to reduce the number of steps of the analysis procedure. This
operation brings some drastic consequences. The injection, for example, can be greatly hin-
dered due to the physical-chemical characteristics of the sample, such as viscosity and sur-
face tension, thus modifying the ease of suction of the components. Both in the case of the
ICP-OES technique (in which a nebulizer is used for generating an aerosol) [128] and in the
case of the sample introduction systems used in flame atomic absorption equipment, prob-
lems in the injection of organic samples affect the efficiency and reproducibility of the ana-
lytical methods. Burning organic compounds normally generates instability in the plasma
with ICP-OES [136], and the generated pyrolysis products cause some spectral interference.
Another problem may be the deposition of material originating in the pyrolysis processes on
the torch or other spectrometer facilities [128, 137]. When using a graphite furnace as an
atomization method for AAS, organic samples usually cause excessive material spreading
during volatilization [116].

Due to the importance of determining trace elements in biofuels, and taking into account the
difficulties mentioned above, several research groups have been working on the develop-
ment of new methods for this purpose. Some interesting approaches have been described in
the past few years. Dilution with an organic solvent or water can be an interesting way to
minimize the errors observed in the analysis of biodiesel samples [127, 138–142]. Methods
involving pre-emulsification of the sample using surfactants have also achieved good repro-
ducibility [121, 123, 143–148]. Furthermore, the extraction of analytes from a sample for fur-
ther analysis provides good results in some cases [149–151].

Surely, the spectroscopic methods, whether based on atomic emission or absorption princi-
ples, are the most popular for elemental determination in biofuel samples due to their high
sensibility and reliability, despite the specific characteristics of the analytical methods in-
volving organic samples.
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6. Summary

To conclude, biofuels have been presented in the last few decades as alternatives or substitutes
for fossil fuels to decrease the amount of fossil fuels used. With the increase in awareness of
the need to develop more sustainable ways to support the earth’s energy system in the future,
much study is still needed, mainly in the areas of production, characterization, and quality
control. This chapter described several methods that involve spectroscopic techniques,
including infrared, Raman, NMR, UV/Vis absorption, image analysis, ICP-OES, and AAS. With
these techniques, applications can be performed to characterize organic components in
biofuels, to study the development of methods for controlling quality (e.g., the validation of
biodiesel blends or detection of adulterations), to develop methods for discerning trace
elements in biofuel, and even to monitor the production of biofuels in real time.

The referenced works in this chapter represent only a brief summary of the uses of spectro-
scopic techniques, depicting their importance in terms of fostering new developments in the
biofuels area.
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