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ABSTRACT: 
Spectroscopic (DRIFT) and thermal (TG-DTA) analyses were carried out to investigate the 
structure of humic acids formed in different environments: a soil developed under Norwegian 
spruce (Picea abies, (L.) Karst), sub-alpine forests of north Italy, and two kinds of coals 
(Sphagnum peat and leonardite-North Dakota). The samples taken from forest soil were classified 
in relation to vegetal cover at different old age (grassland, young and old forest). The thermal 
patterns and DRIFT spectroscopy showed that different structural modifications can be ascribed 
to interaction between soil and vegetal cover. The main structural changes in grassland and both 
forests appeared in carbohydrates, aliphatics and aromatics content. Particularly different was the 
humic acid composition from old forest because it did not preserve any memory of molecules 
derived from plants. Similarly, the thermal and DRIFT analyses of humic acids from peat and 
leonardite showed considerable structural differences in relation to their formation ways. In 
leonardite the disappeared of all features of plant residues, contrary to peat, and the carbon 
skeletons containing aromatic units indicated an increase of humification rank.  
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1. Introduction 
Humic substances (HS) are complex mixtures of 
molecules of mostly indefinite structures originated 
by the decomposition processes of vegetal and 
animal residues [1]. Their formation does not appear 
to be governed by controlled reactions of the type 
that combine within living organisms. Instead, a 
collection of undirected reactions, some chemical, 
some microbiologically mediated, are involved in 
their formation. Despite the lack of well defined 
molecular structure they represent the main stable 
organic components of soil, coals, sediments and 
composts [2]. 

Structural investigation of HS is a focal point to 
understand and establish a linear relationship 
between structure and reactivity towards other 
components present in the environment. However 
the inherent complexity of HS seriously limits the 
application of a single analytical approach. 

A step towards improving our understanding of 
HS is to develop rapid methods which can provide a 
complete characterization HS structure and which 
require little or no sample preparation. A direct 
analysis of HS without no chemical pre-treatment 

such as the use of physical rather than chemical 
procedures is attractive. 

Infrared spectroscopy (FT-IR) is a powerful tool 
in distinguishing individual structural differences in 
a heterogeneous organic mixture. Particular attention 
was devoted to diffuse reflectance infrared Fourier 
transform (DRIFT) spectroscopy as technique for 
analysis of humic substances from different origins 
[3-5]. DRIFT is fast, simple to use, sensitive and 
non-destructive, requires only few milligrams of 
solid sample, allows analyzing opaque samples. 

The principle of this technique is based on 
scattering of incident light in all directions when it is 
absorbed by powders and/or rough surface. A part of 
incident radiation is reflected at the solid’s surface to 
produce Fresnel reflectance (mirror-like) while 
another part through the sample, interacts and 
remerges in many directions. Absorption and 
scattering of light into many directions by sample is 
known as diffuse reflectance [6]. The description of 
diffuse reflectance (R∞) of an “infinitely thick” layer 
is represented in the Kubelka-Munk (K-M) equation: 

 ( ) ( )
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where R∞ is the absolute reflectance of the layer, s is 
a scattering coefficient, and k is the molar absorption 
coefficient. In practice, the diffuse reflectance of a 
sample is measured with respect to no absorbing 
standard, such as KBr or KCl. Therefore, R∞  in the 
equation (1) may be replaced by R’∞ where 

 ( )
( )standard'

sample''
∞

∞
∞ = R

RR . (2) 

The Kubelka-Munk (KM) theory predicts a linear 
relationship between the molar absorption 
coefficient, k, and the peak value of f(R∞) for each 
band, provided s remains constant. Since s is 
dependent on size and range of particles, the K-M 
function can be used for accurate quantitative 
analysis. In the case of dilute samples in no 
absorbing matrices the absorption coefficient (k) is 
associated with sample absorptivity, a (at a given 
frequency) and concentration c: 

 cak ⋅⋅= 303,2 . (3) 

Therefore, substituting Eq. (2) into Eq (1) for the 
relative diffuse reflectance: 
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Care must be taken in applying the K-M equation 
when R∞, is much less than about 30% since 
deviations from linearly can occur when the sample 
concentration is high. Moreover this equation is 
valid if the Fresnel reflectance is negligibly and if 
the scattering coefficient remains constant as the 
concentration varies [6]. A high Fresnel reflectance 
produces anomalous band dispersion for high 
absorptivity bands. Grinding and diluting the sample 
with non-absorbing powder such as KBr, KCl, Ge or 
Si can minimize or eliminate this effect. Grinding 
reduces the contribution of reflection from large 
particle faces. Diluting ensures deeper penetration of 
the incident beam, thus increasing the contribution 
to the spectrum of the transmission and internal 
reflection component. 

In addition thermogravimetric analysis (TG) and 
differential thermal analysis (DTA) or 
thermogravimetry-differential scanning calorimetry 
(TG–DSC) are  widely applied to investigate coals 
from different origin and also to study the  
humification process of  organic matter  in soil and 
composts [7-11]. This technique involves a 
continuous and simultaneous measurement of weight 
loss (TG) and energy change (DSC) during heating 
of the sample [9-11]. During heating of HS a first 
mass loss (approximately 300°C) is produced by the 
exothermic decomposition of proteins, aliphatic and 
carboxyl groups while the more refractory molecules 

such as aromatic C and saturate aliphatic chains are 
produced by a exothermic reaction  at higher 
temperatures (approximately 450°C) [12-13].  
Investigating these parameters same information on 
features of sample can be achieved. The mass loss 
that occurs in these two parts of the heating cycle 
can be used to compare the relative abundance of 
more and less labile C whilst the position of DSC 
peaks reflects the structure and chemical 
composition of the sample [9-10].  

Moreover, combining thermal analysis with 
infrared spectroscopy can be obtained important 
structural information on steps of organic matter 
decomposition during heating. 

In the present chapter humic acids from different 
origin were investigated using diffuse reflectance 
infrared Fourier transform (DRIFT) spectroscopy 
and thermal analysis (TG-DTA) with the aim to 
characterize their structural modification in relation 
to different formation environments.  

 

2. Materials and methods 
Origin of samples: The forest soil investigated was 
located at  the Paneveggio Forest (Trentino) N. Italy. 
The forest soil comprised three age stands: grassland 
(0-years), young (25-50 years) and old (<100 years).  

Coals: The HA were isolated from samples of 
Sphagnum peat and leonardite (North Dakota-USA) 
taken from the collection of the Agro-Environmental 
Science & Technologies Dept. of Bologna 
University. 

Humic acids (HA) isolation: Humic substances 
were extracted under N2 using a NaOH 0.5 M 
solution as described in previous paper [5]. 

TG-DTA analysis: Thermogravimetric analysis 
(TG) and differential thermal analysis (DTA) were 
carried out simultaneously using a TG-DTA92 
instrument (SETARAM, France) as described in 
previous paper [14]. 

Diffuse reflectance infrared Fourier transforms 
(DRIFT): All the samples were recorded by a 
Nicolet Impact 400 FT-IR Spectrophotometer 
(Madison, WI) and fitted  with an apparatus for 
diffuse reflectance (Spectra-Tech. Inc., Stamford, 
CT) [5,14].  

 

3. Results and discussion 
Soil forest: The humic acids were extracted from 
soils sampled under two Norwegian spruce (Picea 
abies, (L.) Karst) sub-alpine forests. In general, the 
DTA curves of humic acids (Fig. 1) are 
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characterized by three main exothermic reactions: 
the first peak at 300 °C was produced by thermal 
combustion of polysaccharides, decarboxylation of 
acidic groups and dehydration of hydroxylate 
aliphatic structures [7-8,15]; the second peak, about 
400°C, was due to the combustion of aliphatic 
structures  (C16, C18 ω-hydroxy alkanoic acid and 
≥C20) derived from plants [12]. 

Finally, the third peak at around 500 ºC was 
originated by the combustion of aromatic structures 
and cleavage of C-C bonds [16]. In detail, in 
grassland (Fig.1) appeared a broad exothermic peak 
at 330°C with a mass loss of 34.6 %, a second 
exothermic peak at 449°C with a mass loss of 17 % 
and a third exothermic peak at 530 °C, with a mass 
loss of 24%, respectively. The strong exothermic 
reactions observed in this sample might be due to a 
higher content in polysaccharides structure. It is 
possible suppose that the thermal behavior of HA 
observed in this vegetation phase seems to be related 
to interactions between soil and vegetal cover. 

Grassland corresponds to phase in which 
"pioneer" plants including mosses, lichens and small 
herbaceous plants are dominant. The organic matter 
derived from plant residues is characterized by very 
high polysaccharide content, low content in phenols 
and no presence in aromatic substances [13]. This 
might justify the high exothermic reaction of the 
first peak. However the presence of the third peak is 
unequivocally related to an enrichment in aromatic 
components determined by occurrence humification 
reactions. The second peak, about 400°C, might be 
produced by the combustion of aliphatic structures 
(C16, C18 ω-hydroxy alkanoic acid and ≥C20) 
derived from plants.  

The structural changes observed were supported 
by DRIFT spectroscopy. The attributions were 
established according to the literature [1,3-5]. In 
particular, the aliphatic component of grassland (Fig. 
2) is assigned by the C-H stretching around 2920 
and 2850 cm-1 and the bending vibration at 1441 
cm−1. The presence of the absorption bands around 
1110–1034 cm-1 indicated the presence of C-O, C-C 
or (C-O-C) stretching vibrations in polysaccharides 
supporting the DTA analysis. 

Instead the broad band at 2626 cm-1 was attributed 
to the formation of intermolecular hydrogen bonding 
between OH groups in oxygenated compounds [17]. 
The aromatic component was not well resolved in 
the spectrum, however the occurrence of a band at 
1507 cm−1 indicated the presence of aromatic C=C 
vibrations from lignin derivate. 

 
Fig. 1. DTA curves in air atmosphere of HA extracted 

from a forest soil differing in vegetal cover. 

 
Fig. 2. DRIFT spectra of HA extracted from a forest soil 

differing in vegetal cover. 

 

The thermal pattern of young forest (Fig.1) 
appeared completely different with respect to 
grassland sample. In detail it showed four peaks at 
336, 405, 467 and 542 °C, with mass losses of 29.2, 
12.9, 23.0, and 14.5 %, respectively. In young forest 
the first exothermic reactions might be due to the 
combustion of mixture of simple sugar and residual 
hemicelluloses. A further structural modification can 
be seen in the exothermic reaction of the last peak 
which showed a shift toward higher temperature.  
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The DRIFT profile was similar to that of grassland 
(Fig.2) even if some structural modification 
appeared in the carbonyl region while the intensity 
of the bands assigned to vibration of polysaccharides 
increased. Finally, the thermal behavior of mature 
forest was characterized by only two exothermic 
peaks at 299 and 528 °C with a mass loss of 27.1 
and 38.8%, respectively. The temperature 
displacement of the first peak toward lower 
temperature might be due to decarboxylation 
reaction of acid groups rather than sugar 
decomposition in according to the amount of COOH 
groups determined in previous paper [15]. A high 
value in mass loss of the third peak supported the 
existence of a highly stable structural ‘nucleus' with 
strong bond energies. On the basis of these results 
we can affirm that a high content in COOH groups 
and a simultaneous increase in aromatic components 
are related to an increase of humification rank. In 
addition, the disappearance of the peak around 450 
°C demonstrated a strong modification of humic 
acid structure. This confirmed how the molecular 
structures, such as long-chain aliphatic fractions to 
derive from plants, were no longer recognizable. 
Moreover, comparing grassland to young forest C=O 
stretching frequency decreased by the order of 10-20 
cm-1 while the relative intensity increased (Fig.2). 
According to Rao [17] this change might be due to 
the effect of aryl or polyene conjugation [17]. The 
lack of band at around 2660 indicated a modification 
of hydrogen bonds between oxygenate groups from 
grassland to old forest. Furthermore, the 
polysaccharide region of these samples, especially 
the band at 1034 cm-1, decreased from grassland to 
old forest confirming the result obtained by means 
of the TG-DTA analysis.  

Finally, the integration area of CH stretching, 
showed differences in relation to the vegetal cover. 
In particular, aliphatic component appeared higher in 
grassland with respect to both forests. Moreover, the 
lack of a shift of CH band frequency suggested that 
the aliphatic component was similar and mainly 
characterized by long-chain saturate hydrocarbons 
[17]. 

Coals: Peat corresponds to an initial phase of 
coalification process. It is formed in very wet 
conditions in presence of vegetal residues. The 
degree of peat decomposition (or humification) 
depends principally on its composition and on the 
degree of waterlogging.  

On the contrast leonardite has not reached the 
state of coal and differs from soft brown coal by its 
high oxidation degree and high humic acids content 
as result of coalification process (bog>peat>coal).  
Leonardite is the product of a humification process 

lasting 70 million years, the formation period of 
peat, for instance, is completed within only a few 
thousand years. The difference between leonardite 
and humic acids from different origin is in its 
property extremely bioactive. 

The DTA curve of peat (Fig. 3) showed an intense 
first exothermic reaction at 298°C with a mass loss 
of 35% and a second at 403°C with a mass loss of 
about 38.3%. The strong thermal combustion of the 
first peak might be influenced by the accumulation 
of recent carbon such as cellulose and non-“typical” 
lignin structures.  

The presence of these components in the HA 
structure can be justified considering the mainly 
anaerobic environment in which peat is originated. 
In these conditions, also the cellulose components 
are slowly decomposed and plant residues may be 
accumulated and their structure may be preserved 
during the humification process [18]. The second 
exothermic peak is related to the combustion of 
aromatic structures and cleavage of C-C bonds [16]. 

The DRIFT spectrum confirmed the structural 
features observed using DTA analysis. In particular,  
the spectrum was dominated by a prominent band at 
about 1600 cm-1 assigned to νas(COO−) and aromatic 
(C=C) vibration bands [5] (Fig. 4). The region 
between 1450-1370 cm-1 was also related to the 
aliphatic groups and νs(COO−) symmetric stretching 
motions. Moreover, the bands appearing at 1260 cm-

1 can be attributed to ν(C-O) vibrations in aromatic 
ethers and phenols. Finally, the bands appearing at 
1100-1000 cm-1 are manly attributed to C-O 
stretching existing in carbohydrates [17] as also 
supported by DTA analysis.  

DRIFT spectrum of peat, after heating until to 
320°C, showed a strong structural modification in 
the region between 1700-1000 cm-1. In detail the 
band assigned to νas(COO−) vibration in carboxylate 
showed a significant displacement to lower 
frequencies (Δ=−30 cm-1) (Fig. 5) suggesting that 
decarboxylation reaction are involved during this 
step. However the presence of the band at 1571 cm-1 

and the shoulder at 1500 cm-1 demonstrated a 
different composition in aromatic rings in this 
sample. 

The bands at 1434 and 1376 cm-1 and a shoulder 
at 2910 cm-1 showed that aliphatic component was 
not completely decomposed during heating, on the 
contrast the bands assigned to ν(C-O) vibration in 
phenols and carbohydrates wholly disappeared from 
the spectrum. Increasing the temperature up to 
600°C the combustion of organic C was complete 
since no signal appeared in the aliphatic region. 
Moreover the strong band at 1448 cm-1 might be due 
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to presence of carbonate originated by the 
combustion of low molecular weight organic acid 
such as oxalate [19].  

DTA of leonardite (Fig. 3) showed a first 
exothermic reaction at 299 °C with a mass loss of 
about 9.5% and a second at 492°C with a mass loss 
of about 71%. The combustion reaction of the first 
exothermic peak suggested the presence of a small 
proportion of carbohydrates and hydroxylated 
aliphatic structures [20]. The more intense 
combustion reaction of the second peak was due to 
the cracking of higher molecular weight polynuclear 
systems [15]. 

The DRIFT spectrum (Fig. 4) showed noteworthy 
structural changes with respect to peat. New bands 
appeared in the region of carbonyl stretching (1690 -
1635 cm-1) suggesting the presence of polycyclic 
quinone with different aromatic rings [17]. The great 
intensification of the spectrum at around 1500 cm-1 

indicated that no linear polyphenols and 
polyphenylalcane [17] were components of 
leonardite. The main changes in the spectra can be 
attributed to different humification process in peat 
and leoanardite. In peat appeared prominent band 
assigned to carboxylic and carbohydrate groups that 
was also supported by the intense first exothermic 
peak while in leonardite was prevalent the second 
exothermic peak attributed to aromatic compounds.  

On this basis we can deduce that during the 
humification process, the leonardite, contrary to 
peat, lose all features of plant residues and showed 
an increase in carbon skeletons containing aromatic 
units indicating a higher humification rank than peat. 

 

 
Fig. 3. DTA curves in air atmosphere of HA extracted 

from peat and leonardite. 

 
Fig. 4. DRIFT spectra of HA extracted from peat and 

leonardite. 

 
Fig. 5. DRIFT spectrum of peat humic acid before heating 

and after heating at two different temperatures. 

 

4. Conclusions 
Thermal analysis (TG and DTA) together DRIFT 
spectroscopy may well act as fast and simple 
evaluation methods for the origin and formation 
process of HA from  soils forest (grassland, young 
and old forests) and coals (peat and  leonardite). Our 
results showed that humic acids from grassland, 
young and old forest are remarkably different and 
these structural modifications might be related to 
vegetal cover at different old age.  

The thermal patterns of grassland and both forest 
differed for carbohydrate, aliphatic and aromatic 
components. In old forest the disappearance of the 
peak around 450 °C demonstrated a strong 
modification of humic acid structure. This confirmed 
how the molecular structures, such as long-chain 
aliphatic fractions to derive from plants, were no 
longer recognizable. DRIFT spectroscopy confirmed 
the thermal analysis. In particular the main structural 
changes were ascribed to modification of carbonyl 
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group and of CH stretching in aliphatic components 
in each HA from different sites. 

Similarly the structure of peat HA seems to 
preserve fractions of plants during their formation. 
This preservation might be the result of the 
environmental conditions of anoxia in which peat 
originate. Moving down the coalification process 
from peat until leonardite we may observe a loss of 
all plant residue features and a carbon skeleton, 
characterized by aliphatic and aromatic 
hydrocarbons, appears in the humic acid structures. 
The application of TG-DTA and DRIFT techniques 
has demonstrated to be powerful tools to study and 
compare complex macromolecular systems such as 

humic substances formed in different environmental 
conditions.  
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