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APRESENTAÇÃO

A obra “A Preservação do Meio Ambiente e o Desenvolvimento Sustentável” 
no seu segundo capítulo aborda uma publicação da Atena Editora, e apresenta, em 
seus 25 capítulos, trabalhos relacionados com preservação do meio ambiente e o 
desenvolvimento sustentável. 

Este volume dedicado à preservação do meio ambiente e o desenvolvimento 
sustentável, traz uma variedade de artigos que mostram a evolução que tem 
acontecido em diferentes regiões do Brasil ao serem aplicadas diferentes tecnologias 
que vem sendo aplicadas e implantadas para fazer um melhor uso dos recursos 
naturais existentes no pais, e como isso tem impactado a vários setores produtivos e 
de pesquisas. São abordados temas relacionados com a produção de conhecimento 
na área de agronomia, robótica, química do solo, computação, geoprocessamento de 
dados, educação ambiental, manejo da água, entre outros temas. Estas aplicações 
e tecnologias visam contribuir no aumento do conhecimento gerado por instituições 
públicas e privadas no país. 

Aos autores dos diversos capítulos, pela dedicação e esforços sem limites, que 
viabilizaram esta obra que retrata os recentes avanços científicos e tecnológicos na 
Preservação do Meio Ambiente e o Desenvolvimento Sustentável, os agradecimentos 
dos Organizadores e da Atena Editora.

Por fim, esperamos que este livro possa colaborar e instigar mais estudantes 
e pesquisadores na constante busca de novas tecnologias para a área do meio 
ambiente e o desenvolvimento sustentável, assim, contribuir na procura de novas 
pesquisas e tecnologias que possam solucionar os problemas que enfrentamos no dia 
a dia.

Jorge González Aguilera
Alan Mario Zuffo
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CAPÍTULO 14

FOURIER TRANSFORM INFRARED SPECTROSCOPY 
AND CHEMOMETRICS IN THE CHARACTERIZATION 

OF SOIL ORGANIC MATTER 

Marciéli Fabris
Departamento de Química, Universidade 

Tecnológica Federal do Paraná
Pato Branco-Paraná

Jéssica Bassetto Carra
Departamento de Química, Universidade 

Tecnológica Federal do Paraná
Pato Branco-Paraná

Nathalie Merlin 
Departamento de Química, Universidade 

Tecnológica Federal do Paraná
Pato Branco-Paraná

Larissa Macedo dos Santos Tonial
Departamento de Química, Universidade 

Tecnológica Federal do Paraná
Pato Branco-Paraná

ABSTRACT: This chapter aims to review the 
contributions of Fourier transform infrared 
(FTIR) spectroscopy to the area of soil organic 
matter (SOM) characterization, highlighting 
how quantitative analysis and the use of 
chemometric tools can improve the interpretation 
of spectral data. Throughout this text we present 
discussions about the information that can be 
obtained by the FTIR spectra of SOM and 
the importance of soil pretreatments in the 
investigation of SOM by FTIR. In addition, some 
spectral-data preprocessing methods frequently 
applied in chemometric studies are cited and 

discussed. Thus, it is expected to introduce 
the reader to the wide variety of applications 
of FTIR spectroscopy in SOM characterization, 
especially when chemometrics is incorporated 
into the study.
KEYWORDS: Principal Component Analysis, 
Oxisols, Humic acid

ESPECTROSCOPIA DE INFRAVERMELHO 
COM TRANSFORMADA DE FOURIER E 

QUIMIOMETRIA NA CARACTERIZAÇÃO DA 
MATÉRIA ORGÂNICA DO SOLO

RESUMO: Este capítulo tem como objetivo 
revisar as contribuições da espectroscopia 
de infravermelho por transformada de Fourier 
(FTIR) para a área de caracterização da matéria 
orgânica do solo (SOM), destacando como 
a análise quantitativa e o uso de ferramentas 
quimiométricas podem colaborar com a 
interpretação dos dados espectrais. Ao longo 
deste texto, apresentamos discussões sobre 
as informações que podem ser obtidas pelos 
espectros de FTIR do SOM e a importância 
dos pré-tratamentos de solo na investigação 
de SOM por FTIR. Além disso, alguns métodos 
de pré-processamento de dados espectrais 
frequentemente aplicados em estudos 
quimiométricos são citados e discutidos. Assim, 
espera-se introduzir para o leitor a ampla 
variedade de aplicações da espectroscopia de 
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FTIR na caracterização de SOM, especialmente quando a quimiometria é incorporada 
ao estudo.
PALAVRAS-CHAVE: Análise de Componentes Principais; Oxissolo; Ácido húmico.

1 |  INTRODUCTION

Recent studies regarding SOM have shown the application of spectroscopic 
techniques (JIMÉNEZ-GONZÁLEZ et al., 2016; ROSSI et al., 2016; MARTINS et 
al., 2011; SANTOS et al., 2010; POTES et al., 2010) in the chemical and structural 
characterization of this soil constituent. Among these techniques, the FTIR stands out.

2 |  FTIR – TECHNIQUE

FTIR spectroscopy is based on the vibrations of the atoms of a molecule. An 
infrared spectrum is commonly obtained by passing infrared radiation through a sample 
and determining what fraction of the incident radiation is absorbed at a particular energy. 
The energy at which any peak in an absorption spectrum appears corresponds to the 
frequency of a vibration of a part of a sample molecule (STUART, 2004). The vibration 
that arises from the molecule produces a spectrum, this spectrum constitutes a series 
of bands since each change of vibrational energy level corresponds to a number of 
changes in rotational energy levels of overlapping lines giving rise to bands. Thus, it 
is the vibration-rotation bands, particularly those between 4000 and 400 cm-1, which 
characterize the samples (SILVERSTEIN et al., 2006).

Fourier-transform is based on the idea of the interference of radiation between 
two beams to yield an interferogram. The latter is a signal produced as a function of 
the change of pathlength between the two beams. The two domains of distance and 
frequency are interconvertible by the mathematical method of Fourier-transformation 
(STUART, 2004). 

Thus, FTIR spectroscopy allows the identification of different chemical bonds 
between atoms through the rotational and vibrational deformations of bonds, which 
absorb energy at certain resonance frequencies depending on the characteristics of the 
atoms involved, so that each spectrum is unique (STEVENSON, 1994; SILVERSTEIN 
et al., 2006). 

2.1 FTIR – Qualitative and Quantitative Analysis of SOM

The wide application of FTIR spectroscopy for the characterization of SOM is 
because the technique allows the identification of functional groups present in the 
chemical structure of SOM (TRAVERSA et al., 2014; SOLOMON et al., 2007; TATZBER 
et al., 2008; COCOZZA et al., 2003; SENESI et al., 2003; SENESI, 1989). Usually, 
FTIR spectra of SOM show bands at the following frequencies (SENESI et al., 2003; 
SCHNITZER et al., 1975; DOBBSS et al., 2009; TIVET et al., 2013). 
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Frequency
(cm-1) Description

3646-3696 O–H stretching of kaolinite
3621 O–H stretching of kaolinite, gibbsite

3450-3300 O–H stretching, traces of N–H stretching, hydrogen-bonded OH
2950-2840 Aliphatic C–H stretching

1725 C=O of COOH, C=O stretch of ketonic C=O

1630 Aromatic C=C, hydrogen-bonded C=O of carbonyl or quinone, 
COO-

1533 C–C aromatic ring and N=C conjugated systems
1450 aliphatic C–H
1400 O–H deformation, presence of phenols and COO- groups
1200 C–O stretching and OH deformation of COOH

1170-1120 C–OH stretching of aliphatic OH
1092 Si–O stretching of clay minerals and Si–O–Si of quartz
1050 Si–O of silicate impurities
1035 C–O stretching of polysaccharides
1006 Si–O–Si stretching of kaolinite

900-800 Vibration of C–H bonds of aromatic groups; inorganic and 
organometallic impurities

750-538 Inorganic and organometallic impurities

Table 1 – Main SOM bands in the FTIR spectra

Moreover, FTIR spectroscopy can also provide information about the relation 
between the absorption intensities of aromatic and aliphatic groups, by calculating 
the aromaticity index (I1640/I2920) (POTES et al., 2010; DICK et al., 2008; ROSA et al., 
2008). In this context, through the use of FTIR spectroscopy, it is possible to assess the 
characteristics of SOM, both qualitatively and quantitatively.

2.2 FTIR – Pretreatment of Soil for SOM Study

However, it is important to emphasize that, in most cases, the application of FTIR 
spectroscopy for the study of SOM requires a pretreatment of the soil in order to remove 
mineral impurities. For a better understanding, representative spectra of soil and humic 
acid samples are shown in Figure 1.
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Figure 1 – a) FTIR spectrum of an Oxisol sample; b) FTIR spectrum of humic acid, extracted 
from an Oxisol.

Figure 1 shows an Oxisol FTIR spectra, which represent the most common kind of 
soil in tropical and subtropical regions (GONÇALVES et al., 2003). Many differences can 
be seen between the soil and humic acid FTIR spectra (Figure 1), and its interpretation 
can explain the importance of the pretreatment of soil in the study of SOM. The FTIR 
spectrum of soil (Figure 1a) shows many signals indicating the presence of minerals, 
such as kaolinite and quartz: 3697 to 3373 cm-1, 1035, 1007, 913, 797, 751,692, 539, 471 
and 431 cm-1 (TIVET et al., 2013; BRINATTI et al., 2010; CASTELLANO et al., 2010). 
On the other hand, the FTIR spectrum of humic acid (Figure 1b) shows characteristic 
signals of SOM organic groups. An intense and broad band at approximately 3430 cm-

1, which is assigned to the presence of OH groups from phenols and alcohols, and NH 
groups (STEVENSON, 1994; SOLOMON et al., 2007). The signals at 2930 and 2852 
cm-1, are assigned to the asymmetric and symmetric stretching of aliphatic C–H (CH2

and CH3) bonds (SOLOMON et al., 2007; SENESI et al., 2003; DICK et al., 2008). 
The absorption with highest intensity, 1630 cm-1, is assigned to the C=C vibration of 
aromatic groups and to the presence of –COO- groups (DICK et al., 2008).

From these observations, it is possible to conclude that, in FTIR analysis, 
the minerals present in soil samples can produce bands that can overlap signals 
corresponding to SOM, as can be noted in Figure 1a.

The humic acid sample that gave rise to the spectra shown in Figure 1b was 
extracted according to the methodology proposed by International Humic Substances 
Society (IHSS) (SWIFT, 1996). This method is widely used in SOM spectroscopic 
studies, and it allows three fractions to be obtained: humin, fulvic acid and humic 
acid. However, the humic acid fraction can be extracted by many other methodologies 
(BENITES et al., 2003; KONONOVA, 1982; DABIN, 1971; DICK et al., 1998), these, 
however, are not as widely used as Swift’s, but also allow the separation of humin, 
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fulvic acid and humic acid fractions.
Another way to remove mineral impurities from soil samples, for the spectroscopic 

study of SOM, is pretreatment with 10% HF solution (GONÇALVES et al., 2003). 
According to Rumpel et al. (2006) the purification of SOM using hydrofluoric acid is 
based on the breakdown of Si–O bonds, which leads to the solubilization of minerals. 
However, the dissolution of minerals by this method may be accompanied by a partial 
loss of SOM (GONÇALVES et al., 2003). 

2.3 FTIR – Experimental Conditions

Usually, experimental conditions for the FTIR spectroscopic analysis of SOM are 
in accordance with those described by Stevenson (1994). This author suggests that 
FTIR spectra can be made from compressed pellets, prepared with 1 mg of sample 
and 100 mg of KBr. Individual spectra can be recorded in the range 4000 to 400 cm-1, 
composed by 64 scans with a spectral resolution of 4 cm-1. Although in the literature it 
is possible to find other methodologies (SOHI et al., 2001; DING et al., 2002). 

2.4 FTIR – Chemometric Data Processing

Because of the quantity of information provided by FTIR spectra when studying 
SOM, the technique can be used as an instrument to compare soil management 
practices, different procedures for the extraction of humic substances and soil types, 
for example. In this context, chemometric tools can be employed in order to improve 
the interpretation of data obtained by FTIR spectroscopy. 

These tools can be used to properly handle and analyze the spectral data because 
they allow the extraction of a greater amount of information (SENA et al., 2000). 

2.5 FTIR – PCA

One of the most important chemometric methods of data exploration is the 
Principal Component Analysis (PCA) (MALINOWSKI, 1991), which is based on the 
correlations among variables. It is an exploratory methodology that seeks to find 
similarities or differences among the samples in a dataset (PANERO; SILVA, 2008). It 
identifies orthogonal directions of maximum variance of the original data, and places 
the data in a space of lower dimensionality made from the components that have 
the highest variance, and combines the original variables into a smaller number of 
orthogonal variables called principal components (PCs). The first PCs are considered 
in the modeling because they contain the most useful information, whereas the last 
ones can be discarded (BANSAL et al., 2014; HANTAO et al., 2012).

Thus, chemometric methods can be used in spectral data interpretation for a 
better understanding of the characteristics of the SOM.

2.6 FTIR – PCA Preprocessing

However, the spectral data used by PCA requires preprocessing. The 
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preprocessing methods usually employed are: mean-center, first derivative, second 
derivative, Standard Normal Variate Method (SNV), Multiplicative Signal Correction 
(MSC), variance scaling, autoscaling, scaling of amplitude,  average smoothing 
method, moving average smoothing method, Savitzky-Golay filter, Fourier filter and 
Wavelet Transform, with the first five pretreatments listed being the most commonly 
used (SANTOS et al., 2010; HANTAO et al., 2012; MERLIN et al., 2015; MERLIN et al., 
2014; SOUZA; POPPI, 2012; AMMANN; BRANDL, 2011; SOUZA et al., 2013; MOROS 
et al., 2008; MOGHIMI et al., 2010).

The mean-center is recommended for most data sets, since it does not alter the 
interrelationships between samples (VIEIRA et al., 2010). This preprocessing is to 
facilitate the visualization of differences in the intensities of the variables, transferring 
all the data to the center coordinates. Centering the data to the mean consists of 
calculating the mean of the intensities for each wavelength and subtracting each of the 
intensities from the mean value (SOUZA; POPPI, 2012; FERREIRA, 2015), as shown 
in equation (1):

    (Equation 1)

Where   is the mean-center value,  is the experimental value 
and  is the average of the respective column. 

Ferreira (2015) explains that the first derivative is used to correct problems with 
the baseline shift so as to conduct the spectral tilt to zero absorbance, while the second 
derivative differs from the first by the accentuation of the result, since the second 
derivative allows the acquisition of information regarding the camber of the curve and 
does not change peak area data (FERREIRA, 2015; DA SILVA, 2009).

The MSC and the SNV facilitate data interpretation, because these pretreatments 
retain the original shape of the spectrum, it may be employed to correct changes in the 
baseline and the multiplicative effects of scattering absorbance (FERREIRA, 2015). 
Souza et al. (2013) states that the application of MSC is necessary to remove baseline 
fluctuations that are related to physical aspects of the samples, such as the size and 
shape of the particles, and not the chemical composition thereof.

The advantage of SNV over MSC is due to the fact that the first is applied to the 
real spectrum, while the second uses a reference spectrum for performing pretreatment, 
such as, for example, the calibration curves of the Near Infrared (NIR) (MOGHIMI et 
al., 2010).

These preprocessing methods can also be used together, allying two pre-
treatments to remove more information that is not considered relevant (FERREIRA, 
2015).

In Figure 2 the statistical analysis graphs, PC1 versus PC2 scores, obtained with 
FTIR results of SOM at the regions between 4000 and 400 cm-1 are shown.
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Figure 2 – PC1 versus PC2 scores graphs obtained from FTIR spectral data and preprocessing 
(a) MSC and (b) second derivative. In Figure 2a the symbols correspond to 0-10 (n) and 10-20 
cm (l), and in Figure 2b left fallow (l) and no-tillage (n) management systems, and native forest 

(p).

The PCA of the spectral data of humic acid extracted from soil samples under 
different treatments and depths showed the grouping of the samples according to depth 
(Figure 2a). While, when employed for humic acid samples extracted from soils of 
different layers and under different management systems, the separation is observed 
according to the latter variable (Figure 2b). Thus it is possible to infer that the PCA 
helps in the interpretation of FTIR spectra and allows us to infer which variable is more 
signifi cant in the composition and structure of the SOM.

3 |  CONCLUSION

FTIR spectroscopy can provide a wide range of information about the 
characteristics of SOM, qualitatively and quantitatively. The pretreatment of the soil 
sample, before spectrum acquisition, removes the spectral signals of the mineral 
impurities, highlighting the bands from functional groups of SOM. Finally, the fi ndings 
of this review give an insight into the importance of chemometric tools, like PCA, 
in improving the understanding of results obtained by FTIR spectroscopy for SOM 
studies. This is because chemometrics allows inference about the similarities between 
the samples and the contribution of each variable (soil management practices, types of 
soil and depth, for example) in its classifi cation.
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