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1  INTRODUCTION 
The Protocols of the Kyoto Convention on Global Changes impose significant 

reduction of greenhouse gases input to the atmosphere. Such process demands 
fundamental understanding of carbon (C) stabilization in soils because the amount 
of organic matter stored in soils represents one of the largest reservoirs of organic 
carbon on the global scale. Consequently, any change in the size and the turnover 
rate of soil carbon pools may potentially alter the atmospheric CO2 concentration 
and the global climate. The mechanisms for carbon stabilization in soils are still not 
well understood and the ultimate potential for C stabilization in soils is unknown. 
Current soil organic matter (SOM) turnover models are not fully process-oriented 
and thus the simulation of ecosystem response to environmental changes such as 
management and the changing climate is still difficult. [1] 

Both soil fertility and stability are related to the organic matter content of soil. 
Many functions of SOM are due to its more stabilised fraction, the humified 
materials, and to the balance between the labile and the stabilised fractions. Changes 
in SOM content are related to changes in microbial biomass turnover, because they 
reflect the balance between rates of microbial organic matter accumulation and 
degradation. However, SOM as a whole responds less quickly to changing soil 
conditions than microbial biomass. Therefore, the nature of the organic matter itself, 
rather than its concentration, may be a more sensitive indicator of the changes in soil 
quality due to changes in environmental conditions and agricultural management. 
Chemical and structural characteristics of humic substances are known to be better 
predictors of the rate of SOM turnover than SOM content itself. This suggests the 
possibility of using humic substances as indicators of SOM turnover. [2] 

A reliable prediction of soil organic matter properties is complicated by the 
number of different analytical methods to be used. To save costs and time, it is 
desirable to introduce a method that should simultaneously screen both static and 
dynamic soil properties. A method of choice is represented by thermal analysis 
(TA). Thermal analysis techniques have been used for a long time in the study of 
soils, particularly in clay mineralogy. While there exists a large volume of literature 
on the theoretical underpinnings of thermal analysis and its application to the 
analysis of minerals [3–9], the exothermic reactions associated with the thermal 
oxidation of soil organic matter have received much less attention. The proposition 
that soil thermograms represent characteristic properties and can be used to 
characterize soil organic matter quality has existed for decades. However, only 
recently has the number of tested soils and fractions been large enough to test this 
proposition and the potential link between thermal and biological soil organic matter 
stability. [10–14] Due to the increasing demands for rapid and quantitative 
assessments of soil organic matter quality, thermal analysis techniques are unique 
means to characterize the complete continuum that comprises soil organic matter. 
The experimental setup and interpretation of thermal analysis must, however, go 
beyond the simplified qualitative and quantitative level and therefore requires 
careful attention to analytical parameters and post-analysis data manipulations. 
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2  STATE OF THE ART 
2.1 SOIL ORGANIC MATTER 

Soil organic matter is formed from plant litter, dead roots, animal remains and 
excreta. It is a repository for the essential elements required by the next generation 
of organisms. Release of these elements or mineralization depends on the 
decomposition rate and the demands made by the heterogeneous population of soil 
organisms. 

The living organisms (biomass) vary in size from the macrofauna, vertebrate 
animals of the burrowing type, to the mesofauna, invertebrates such as mites, spring-
tales, insects, earthworms and nematodes, to the microorganisms – broadly 
subdivided into the prokaryotes and eukaryotes and comprising the bacteria, 
actinomycetes, fungi, algae and protozoa. The most important of the mesofauna are 
the earthworms in temperate soils, especially under grassland, and termites in many 
soils of the tropics and subtropics. Earthworm biomass normally ranges from 0.5 to 
1.5 t ha−1, whereas the microbial biomass makes up 2–4 per cent of the total organic 
C in soil, or 0.5−2 t ha−1. Annual rates of litter fall range from 0.1 t (C) ha−1 in alpine 
and arctic forests to 10 t (C) ha−1 in tropical rain forests. Carbon substrates from 
rhizosphere deposition and the death of roots also make an important contribution 
that is difficult to quantify. The interaction of microorganisms and mesofauna in 
decomposing litter leads not only to the release of mineral nutrients but also to the 
synthesis of complex new organic compounds that are more resistant to attack. This 
process is called humification. [15] 

SOM is a key attribute to soil quality. It affects, directly or indirectly, many 
physical, chemical and biological properties that control soil productivity and 
resistance to degradation. Changes in the quantity of SOM and the equilibrium level 
of SOM depend on the interaction of five factors: climate, landscape, texture, inputs 
and disturbance. Some of these factors, called SOM capacity factors, can be 
managed, whereas others cannot. As SOM enters and resides in soil, it is subjected 
to processes that alter its composition and quantity. Fundamental soil processes, 
such as humification, aggregation, translocation, erosion, leaching and 
mineralization are driven by the capacity factors. These capacity factors and soil 
processes, in turn, largely dictate the management system imposed on soil. [16] 

SOM is traditionally subdivided into non-humic and humic substances (HS). Non-
humic substances include those with well-defined chemical structure and properties, 
e.g. carbohydrates, proteins, fats, waxes, dyes, resins, peptides, amino acids and 
other low molecular organic substances that are easily available to soil 
microorganisms. The bulk of SOM, however, are HS since they form up to 80 % of 
it. Besides, HS are also present in waters, peats, sediments, leonardites, lignites and 
brown-black coals and other natural materials. 

There are several ways of classification of HS. The most frequent approach 
divides these substances according to their solubility in acids and alkalis into three 
basic groups: (1) fulvic acids – soluble under all pH conditions; (2) humic acids – 
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not soluble under acidic conditions (pH < 2) but soluble at basic pH values; and (3) 
humins – insoluble at any pH value. Despite the fact that HS are under long-term 
intensive and extensive study and their importance has been acknowledged for over 
150 years, they belong to the nature’s least understood materials. Most commonly 
are described as amorphous, partly aromatic, polyelectrolyte-like materials, their 
molecular weight being a matter of heated debates. They are responsible for brown 
or black colour of rivers and lakes. According to recent results, it is suggested that 
HS are mixtures of plant and microbial carbohydrates, proteins and lipids, together 
with partially degraded lignins and tannins and also including microbial materials 
such as melanins. [17] 

 
2.2 SOIL RESPIRATION 

Soil respiration is defined as absorption of oxygen or the discharge of carbon 
dioxide by microbial activity and includes gas exchange from aerobic and anaerobic 
metabolism. Soil respiration results from degradation of biologically accessible 
organic substances and their mineralization. This biological soil reaction is the 
summary of many individual activities, which result from the condition of the 
particular soil and its constituents. Under normal conditions, an ecological balance is 
achieved in the soil between the organisms and their activities. In these conditions, 
basic respiration is obtained. If the balance is disturbed (for example by the addition 
of degradable organic substances), a change in soil respiration will be observed as a 
result of more intense microbiological growth and mineralization activity. 
The presence of poisonous substances, such as may be found in wastes, can lead to 
limitation of soil respiration. The ability of a soil to discharge CO2 is thus an 
indication of the biological function of the soil in its entirety, taking into 
consideration all the constituents of the soil. With appropriate modifications, soil 
respiration can be employed to carry out further biological determinations, including 
the biological degradability of substances (such as pesticides, plastics, and 
fertilizers), toxicity tests to assess contaminated soils, substrate induced respiration 
rate, microbial biomass etc. [18] 

The importance of soil organisms in promoting the turnover of carbon has already 
been hinted. Aerobic respiration involves the breakdown or dissimilation of complex 
C molecules, oxygen being consumed and CO2, water and energy for cellular growth 
being released. Under such conditions, the respiratory quotient, defined as: 

 
consumed O of volume

released CO of volume

2

2=RQ  (1) 

is equal to 1. When respiration is anaerobic, however, the RQ rises to infinity 
because O2 is no longer consumed but CO2 continues to be evolved. The respiratory 
activity of the soil organisms or respiration rate, R, is measured as CO2 is released 
(or O2 consumed) per unit soil volume per unit time. Soil respiration is augmented 
by the respiration of living plant roots, and, further, the respiration of 
microorganisms is greatly stimulated by the abundance of carbonaceous material 
(mucilage, sloughed-off cells and exudates) in the soil immediately around the root. 
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The stimulus to the soil respiration provided by the presence of the crop can as forth 
as the respiration rates for cropped soil can even triple in winter months and double 
in summer months in comparison with fallow soil. 

An instrument designed to measure respiration rates is called a respirometer. For 
field measurements, a Rothamsted soil respirometer can be used. In principle, soil 
moisture content is regulated by controlled watering and drainage; temperature is 
recorded and the circulating air is monitored for O2, the deficit being made good by 
electrolytic generators. Carbon dioxide is absorbed in vessels containing soda lime 
and measured. Such measurements show that the respiration rate depends on (1) soil 
conditions, such as organic matter content and quality, O2 supply and moisture; (2) 
cultivation and cropping practices; and (3) environmental factors, principally 
temperature. The effect of temperature on respiration rate is expressed by the 
equation: 

 10
0

TQRR= , (2) 
where R and R0 are the respiration rates at temperature T and 0 °C, respectively, and 
Q is the magnitude of the increase in R for 10 °C rise in temperature, called the Q-10 
factor, which lies between 2 and 3. Temperature change is the cause of large 
seasonal fluctuations in soil respiration rate in temperature climates. [15] 

Soil respiration is a subject that is of concern not only to ecologists but also to 
scientists who study atmospheric dynamics and earth system functioning. As an 
integral part of the ecosystem carbon cycle, soil respiration is related to various 
components of ecosystem production. Soil respiration is also intimately associated 
with nutrient processes such as decomposition and mineralization. Moreover, soil 
respiration plays a critical role in regulating atmospheric CO2 concentration and 
climate dynamics in the earth system. Thus, it becomes relevant to the mitigation of 
climate change and the implementation of international climate treaties in terms of 
carbon storage and trading. [19] 

 
2.3 THERMAL ANALYSIS 

2.3.1 Fundamentals 

The International Confederation for Thermal Analysis and Calorimetry (ICTAC) 
defines thermal analysis as a group of techniques in which a property of the sample 
is monitored against time or temperature while the temperature of the sample, in a 
specified atmosphere, is programmed. The programme may involve heating or 
cooling at a fixed (or variable) rate of temperature change, or holding the 
temperature constant, or any sequence of these. Since hardly any measurement is 
worth doing if the temperature is not controlled, almost all measurements are some 
type of thermal analysis. The basic theories to be used in thermal analysis are 
equilibrium and non-equilibrium thermodynamics and kinetics. [20] 

The temperature programme can be described by linear dependence: 
 tTT ⋅+= β0 , (3) 
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where T is temperature at time t, T0 is the initial measuring temperature and β is the 
temperature coefficient. When β > 0, the sample is heated, when β < 0, one can 
speak of linear cooling and when β = 0, the measurement is under isothermal 
conditions. [21] 

 
2.3.2 Thermogravimetric analysis 

Thermogravimetry is the branch of thermal analysis which examines the mass 
change of a sample as a function of temperature in the scanning mode or as a 
function of time in the isothermal mode. Not all thermal events bring about the 
change of the mass of the sample (e.g. melting, crystallization or glass transition), 
but there are some very important exceptions, which include desorption, absorption, 
sublimation, vaporization, oxidation, reduction and decomposition. TGA is used to 
characterize the decomposition and thermal stability of materials under a variety of 
conditions and to examine the kinetics of the physico-chemical processes occurring 
in the sample. The mass change characteristics of a material are strongly dependent 
on the experimental conditions employed. Factors such as sample mass, volume and 
physical form, the shape and the nature of the sample holder, the nature and pressure 
of the atmosphere in the sample chamber and the scanning rate all have important 
influences on the characteristics of the recorded TGA curve. TGA curves are 
normally plotted with the mass change (∆m) expressed as a percentage on the 
vertical axis and temperature (T) or time (t) on the horizontal axis. [22] 

The most frequent use of TGA is in determining the material thermal stability, 
relative volatility and also process kinetics. Coupling of TGA and DTA enables 
some other characteristics to be measured and assessed, for example temperatures of 
first and second order phase transitions, namely changes of crystal modification, 
melting, sublimation, boiling or glass transition. [23] 

 
2.4 REACTION KINETICS 

Processes in condensed phase are extensively studied by thermoanalytical 
methods. Mechanisms of these processes are very often unknown or too complicated 
to be characterized by a simple kinetic model. They tend to occur in multiple steps 
that have different rates. To describe their kinetics, the methods based on the single-
step approximation are often used, either the model-free or model-fitting ones. 

 
2.4.1 Single-step approximation 

It is generally recognized that the rate of the processes in condensed phase is a 
function of temperature and conversion: 

 ( )α,
d
dα T

t
Φ= . (4) 

The single-step kinetics approximation employs the assumption that the function 
Φ in Eq. (4) can be expressed as a product of two separable functions independent of 
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each other, the first one, k(T), depending solely on temperature T and the other one, 
f(α), depending solely on the conversion of the process, α: 

 ( ) ( ) ( )αα, fTkT =Φ . (5) 
Combining Eqs (4) and (5), the rate of the complex multi-step condensed-state 

process can be formally described as 

 ( ) ( )α
d
dα fTk

t
= . (6) 

Equation (6) is mostly called the general rate equation. It resembles a single-step 
kinetic equation, even though it is a representation of the kinetics of a complex 
condensed-phase process. The single-step approximation thus resides in substituting 
in generally complex set of kinetic equations by the sole single-step kinetic 
equation. This is the first attribute of the single-step approximation. The temperature 
function in Eq. (6) is mostly considered to be the rate constant and the conversion 
function is considered to reflect the mechanism of the process. [24] However, this 
interpretation may be incorrect. Since Eq. (6) is a mathematical formulation of the 
single-step approximation, the functions k(T) and f(α) represent, in general, just the 
temperature and conversion components of the kinetic hypersurface. The kinetic 
hypersurface is a dependence of conversion as a function of time and temperature. 
[25] With only for few exceptions, the temperature function is expressed by the 
Arrhenius equation 

 ( ) 






−=
RT
EATk exp , (7) 

where A and E are considered the pre-exponential factor and the activation energy, 
respectively, T is the absolute temperature and R stands for the gas constant. It has 
been justified that, since k(T) is not the rate constant and E cannot be 
mechanistically interpreted in the term of free energy barrier, there is no reason to be 
confined to the Arrhenius relationship and use of three non-Arrhenius temperature 
functions was suggested: 

 ( ) mATTk =  (8) 

 ( ) DTAeTk =  (9) 

 ( ) ( ) aTT

a
a

TT
T

Tk
⋅−

−

−=
∞

∞

∞








1

ln
, (10) 

where m, D, T∞ and a are parameters. A great advantage of the application of Eqs 
(8), (9) and (10) is that, in contrary to Eq. (7), the temperature integral can be 
expressed in a closed form. Unlike the temperature functions, there is a wide range 
of conversions applied. Practically every function is connected with a certain idea of 
reaction mechanism. [26],[27] 
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2.4.2 Isoconversional methods 

The principal idea of the isoconversional method is very simple; there are only 
two basic assumptions: 
(I) Rates of the processes in the condensed state are generally a function of 
temperature and conversion, Eqs (4)–(6). The main implication of Eq. (6) is that the 
conversion function f(α) at a fixed value of α holds for any temperature or 
temperature regime, i.e. the mechanism of the process is solely a function of 
conversion, not a function of temperature. 
(II) The activation parameters are obtained from a set of kinetic runs from the 
dependences of time vs. temperature, temperature vs. heating rate or from reaction 
rate vs. temperature. The evaluation is carried out at fixed conversion. 

The experimental use of the isoconversional predictive procedure is huge. They 
can be applied to determine the stability of pharmaceuticals, antioxidant activities of 
various types of materials, stabilization effects or residual stability and protection 
factors assessment [28–36] but they have already been successfully employed also 
in studying HS. [37],[38] 

 
3  AIM OF THE WORK 
The number of recent works concerning this topic demonstrates the potential of 

thermal analysis in research of natural organic matter. However, an overwhelming 
majority of the applications published up to now used thermal analysis only for 
qualitative and quantitative determination of several parameters overlooking the 
great potential of thermal analysis in prediction and modelling of processes. Those 
are generally called “the accelerated tests”. It is obvious that the humified substrata 
develop in time, their chemistry and biochemistry being kinetic-dependent. Thus, 
the application of thermal analysis in natural organic matter research should be 
extended by this possibility. 

The correlation between soil respiration (proportional to the microbial activity) 
and mass loss in several temperature regions have already been described. [39] 
However, up to now, there was not observed the attempt to use that knowledge for 
prediction of soil organic matter respiration. It is clear that in case of success, there 
can be suggested a novel, rapid and cheap method to model the behaviour of SOM 
under specific conditions and moreover, also the overall mechanisms of SOM 
degradation can be suggested. As a result, the notion can be used to improve the 
models of carbon and other elements flux and accumulation in nature having 
consequences for example in remediation and carbon sequestration techniques. 

Humic substances play a key role in chemistry and biochemistry of soils and other 
humified substrata. Their chemistry is very complex and the understanding is still 
limited. As mentioned before, its quality more than quantity is important for 
stabilization of natural organic matter. However, the definition of that “quality” is 
still a problem. Recent results [40–42] showed that the information included in 
kinetics of degradation of humified materials is still not fully appreciated and 
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exploited. Such approach has an advantage, especially in isoconversional kinetics, 
where the progress and “mechanisms” of degradation can be appreciated step-by-
step. With this respect, additional correlations are promising since this information 
is crucial in chemical-based soil organic matter carbon sequestration techniques. 
Last but not least, the transfer of such knowledge from pure humic substances to soil 
should bring information on the role of mineral part of soil which is frequently 
overlooked in this issue. 

General objective of this work is to contribute to the development of the 
application of thermal analysis techniques in humus science, and to present the 
emerging application of TA for the characterization of soil organic matter. 
Understanding of the SOM properties and their relationship to results obtained by 
means of physical-chemical method should contribute to the contemporary problems 
associated with the gradual decrease of SOM quality and desertification. 

 
4  EXPERIMENTAL PART 
4.1 HUMIC SUBSTANCES 

The samples of humic substances (fulvic and humic acids) were provided by 
RNDr. František Novák, CSc. (Biology Centre of the Academy of Sciences of the 
Czech Republic). Isolation of samples, NMR spectroscopy and elemental analysis 
were performed by the sample provider and/or related affiliations. 

 
4.1.1 13C NMR spectroscopy 

Quantitative 13C liquid-state nuclear magnetic resonance (13C LS NMR) spectra of 
HA and FA dissolved in 0.1 M NaOD were recorded employing a Bruker Avance 
DRX 500 spectrometer operating at 125.75 MHz using following parameters: 
recycle delay of 5 s, number of scans = 20000, and inverse gated decoupling. The 
free induction decay was processed with line broadening of 20 Hz. The 13C chemical 
shifts were referenced to tetramethylsilane; quantification was achieved by 
instrumental integration of NMR peaks. Local minimum at 108 ppm as the border 
between aromatic and O-alkyl regions was used. The chemical shift regions 0–45, 
45–108, 108–160 and 160–220 ppm were assigned to alkyl carbon (C), O-alkyl C, 
aromatic C, and carboxylic C, respectively. [43] Aromaticity was calculated as the 
ratio between aromatic and the sum of aromatic and aliphatic (alkyl + O-alkyl) 
carbons. [44] 

 
4.1.2 Thermal analysis 

Thermogravimetric profiles of humic and fulvic acid samples were recorded 
employing TA Instruments TGA Q 5000 IR device. Approximately 2–3 mg of each 
sample were exposed to linear heating at 7 different heating rates (0.5; 1; 3; 5; 7; 10; 
15 K min–1) from room temperature up to 600 °C. Dynamic oxidative atmosphere 
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with air-flow 25 ml min–1 was used. The furnace was temperature-calibrated using 
Curie point standards (perkalloy, nickel, iron). 

 
4.1.3 Mathematical data processing 

The thermogravimetric records showed two or three major steps of weight losses, 
the first one attributable to loss of water, whereas the others (in Fig. 1 marked within 
the vertical lines) to degradation of organic matter. The latter steps were used to 
assess the stability of examined samples and were considered together in order to 
cover the degradation process and integrate it as one. The beginning as well as the 
end of the process was determined by the 1st derivative of the TGA curve (DTG), 
which has the meaning of weight loss rate. The mass losses obtained at different 
heating rates were recalculated to conversion intervals (0–100 %). From this 
interval, several conversions were selected (each 10 % step) and for those the 
conversion times were calculated out of the conversion temperatures. From the non-
isothermal measurements, the kinetic parameters of four different temperature 
functions were assessed. The calculations described here were carried out by the 
software KINPAR [45] and Origin®. The conversion times were calculated using 
respective equations for 25 °C and 100 °C. 

 

 
Fig. 1  Thermogravimetric record of thermo-oxidative degradation of sample 

A65FK, heating rate 10 °C min–1 
 
The correlation values between the conversion times or DTG values and values of 

primary characteristics of HS samples were calculated using the Pearson product-
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moment correlation coefficient (R), which is obtained by dividing the covariance of 
the two variables by the product of their standard deviations. The correlation is 
defined only if both of the standard deviations are finite and both of them are 
nonzero. It is a corollary of the Cauchy-Schwarz inequality that the correlation 
cannot exceed 1 in absolute value. The correlation is 1 in the case of an increasing 
linear relationship, –1 in the case of a decreasing linear relationship, and some value 
in between in all other cases, indicating the degree of linear dependence between the 
variables. The closer the coefficient is to either –1 or 1, the stronger the correlation 
between the variables. If the variables are independent then the correlation is 0, but 
the converse is not true because the correlation coefficient detects only linear 
dependencies between two variables. If we suppose the random variable X is 
uniformly distributed on the interval from –1 to 1, and Y = X 2. Then Y is completely 
determined by X, so that X and Y are dependent, but their correlation is zero; they are 
uncorrelated. However, in the special case when X and Y are jointly normal, 
independence is equivalent to uncorrelatedness. A correlation between two variables 
is diluted in the presence of measurement error around estimates of one or both 
variables, in which case disattenuation provides a more accurate coefficient. [46] R 
was computed using Microsoft Excel®. 

 
4.2 SOIL SAMPLES 

Twelve soil samples were collected in the National Park Berchtesgaden (all 
locations are situated in Germany) nearby Hirschbichl. Six sampling sites comprised 
alp pastures (the only two sites used for agriculture, i.e. affected by periodic human 
activity), ravine forests (both deciduous and coniferous) or a spikenard-meadow. Six 
samples were collected in the National Park Bayerischer Wald, around 
Zwieslerwaldhaus. The three sampling sites included only coniferous forests 
(spruce, fir). Four other samples originated from the National Park Hainich, Craula. 
Two deciduous forests and a moss-marsh area samples were collected. Six samples 
from four sampling sites were taken in the National Park Harz, nearby Schierke. The 
soils are of mixed forests and meadow cover. The last sampling location was a 
Biosphere Reservation Schorfheide-Chorin, nearby Chorin and Brodowin. Six 
samples from four sampling sites comprised mixed forests, meadow and an alder-
tree-moor. The above mentioned locations were selected in order to obtain soils 
representing a variety of geological composition under native vegetation or 
extensive land uses (i.e. pastures and meadows). They serve as reference objects in 
order to detect intrinsic soil features and regulation processes. 

 
4.2.1 Sample collection and analyses 

Each soil sampling was carried out in area of at least 30 m diameter. In order to 
obtain enough soil, approximately 60 cuts down to depth of 0–30 cm using a core-
sampling device (Göttinger Bohrstock) were performed. Where the soil horizons 
were clearly differentiable, B and/or C horizon samples were collected. Fresh soil 
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samples were air-dried in the thinnest possible layers at a maximum of 25 °C and 
then sieved (mesh diameter 2 mm). Such treated samples were stored in a cold, dark 
and moisture-free place for following analyses and incubation experiments. 

 
4.2.1.1 Basic soil analyses 

Total organic carbon (Corg), nitrogen (N) and sulphur (S) contents were 
determined by combustion with an elemental analyzer (Elementar Vario EL III). The 
content of carbonates was detected by repeated elemental analysis before and after 
treatment of soils with HCl. Particle size distribution was performed according to 
DIN/ISO 11277 [47] in order to asses the sand, silt and clay content. The field water 
retention capacity was determined on ceramic plates at pF 1.8 according to 
DIN/ISO 11274 [48]. 

 
4.2.1.2 Incubation experiment 

To establish optimal conditions for microorganisms in the incubation 
experiments, the air-dried soil samples were re-moistened with distilled water to 
80 % of their water retention capacity (pF 1.8). In order to start the experiment 
immediately after the addition of water, the soils were thoroughly mixed to prevent 
from gradients of water and soluble organic matter and to reduce variations in the 
CO2 release between four replicate measurements. Measurement of CO2 evolution 
began immediately after re-moistening. Basal respiration experiments were carried 
out using the Respicond device (A. Nordgren Innovations AB). Twenty grams of 
soil were placed in a vessel with a small container including 10 ml of 0.6 M KOH 
solution. Electrical conductivity of the solution was measured to monitor the CO2 
evolution during varying time intervals. The data collection frequency was 
continually adjusted during the course of the experiment. Initially, one mean value 
was recorded every 30 minutes. As the experiment progressed, the data collection 
frequency was reduced to one mean value every 12 hours per measuring channel. An 
additional data reduction was performed in the course of the data analysis. 
Therefore, the data presented here represent only a fraction of what was actually 
measured. The KOH solution was periodically changed to prevent its saturation 
during the experiment. The whole incubation experiment lasted for 80 days to detect 
the effects of both short- and long-term respiration. 

 
4.2.1.3 Thermogravimetric analysis (TGA) 

To ensure comparable sample preparation for TGA analyses, the air-dried and 
sieved samples were additionally conditioned for at least 7 days at 76 % relative 
humidity, which was maintained using saturated NaCl solution. The TGA was 
carried out using Mettler Toledo TGA/SDTA 851 device. The temperature 
programme included heating of air-dried soils samples (typically 0.3–1.2 g) in 
0.8 ml ceramic containers from 25 °C up to 950 °C with heating rate of 5 °C per 
minute. During analyses, the sample chamber was purged with an air stream of 76 % 
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relative humidity (RH valid for 25 °C) and flow rate of 200 ml min–1. TGA data 
were collected every 4 seconds (i.e. every 0.3 °C temperature increase). Both 
incubated and non-incubated soil samples were analyzed by TGA. Prior to the TGA, 
the incubated soils were air-dried again. Derivation results were calculated from 
mass losses recorded in 10 °C temperature intervals. 

 
4.2.2 Mathematical data processing 

In order to describe the interrelations between results of both TGA and incubation 
experiments, correlation analyses using least square method linear regression were 
performed with Microsoft Excel®, Statistica, and SPSS. Presented data are related to 
coefficients of determination with significant level of at least 95 % probability 
(R2 = 0.6). The values of determination coefficients are not shown here to quote the 
closeness of interrelations or explain reasons for its existence. The aim was to use 
the comparison of correlations to reveal the most interesting time periods during 
incubation and temperature intervals in thermal analyses as a basic methodological 
step in the development of future experiments. Since the correlation above 650 °C 
gave results of low practical relevance and the thermally induced mass losses are 
very low, the presented data are reported only to this temperature limit. 

 
5  OVERVIEW OF MAIN RESULTS 
5.1 HUMIC SAMPLES 

5.1.1 Thermogravimetric analysis following the isoconversional approach 

Figure 2 demonstrates basic thermoanalytical feature, i.e. the same process occurs 
at higher temperature with increasing heating rate. This phenomenon can be better 
described using the derivative thermogravimetric curve (Fig. 3). The peak 
temperatures should correspond to the same stage of degradation, i.e. the 
degradation process is at the very same stage. E.g. the second major degradation step 
culminates (peak local maximum) at 395 °C for heating rate 0.5 °C min–1, whereas 
for 15 °C min–1 the peak temperature rises to 450 °C. 
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Fig. 2  TGA curves of sample A65FK, different heating rates (in °C min–1) 

 
 
 

 
Fig. 3  DTG curves of sample A65FK, different heating rates (in °C min–1) 
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The above mentioned facts are confirmed in Figure 4, where conversion is plotted 
against conversion temperature for four different heating rates for randomly chosen 
sample. The curves do not cross each other during the whole course of degradation. 
This is also a condition for isoconversional methods to be used successfully. 

 
Fig. 4  Conversion curves of sample A65FK, different heating rates (in °C min–1) 

 
The progress of different stages of degradation can be visualized using just the 

conversion curves at specific heating rate β. But it must be taken into account that 
application of such approach can be biased by the non-ideal baseline feature. There 
can also arise some problems in choosing the right heating rate for the comparison 
among samples. It is generally known, the at lower heating rates some weak 
processes doesn't have to be necessarily recorded, on the other hand, when using 
high heating rates, some of the processes may overlap. Moreover, any slight non-
ideality in the original TGA analysis can lead to distortion of further results. To 
avoid the problem described above, it is better to use the isoconversional approach, 
where at least 3 different heating rates must be used, and therefore, more precise 
results should be reached. 

According to [49], many problems can appear when data obtained at higher 
temperatures are extrapolated to lower ones. Comparison between conversion times 
of five randomly selected samples of humic substances samples extrapolated to 
25 °C (Fig. 5) and 100 °C (data not shown but exhibiting the very same pattern) has 
proved that these data are proportional and thus any of these temperatures could 
have been used. For further calculations the temperature 25 °C was adopted. 
Possible discrepancy emerging from use of different extrapolation temperature is in 
further correlations of minor importance. 
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Fig. 5  Dependence of conversion on conversion time, extrapolation to 25 °C 

 
Out of the isoconversional temperatures (using all previously mentioned heating 

rates), parameters of respective temperature functions were assessed employing the 
mathematical apparatus of isoconversional methods. And finally, using the 
parameters, isoconversional times were determined. Calculated values of 
isoconversional times at specific conversions have meaning of stabilities of samples 
and their corresponding intermediates and reflect mutual differences in kinetics of 
degradation of measured samples. The aim was to avoid any transformation of 
experimental data by linearization of functional dependences to obtain reliable 
values of isoconversional time since such approach leads to deformation of 
distribution errors, heteroscedasticity and a shift in the position in minima of the 
sum squares between experimental and calculated values. [25] 

 
5.1.2 Aromaticity degree in humic substances 

As mentioned above, one of the traditional ways of classification of humic 
substances, the widely accepted one, divides them according to their solubility in 
acids and alkalis into three basic groups: fulvic acids, humic acids and humins. 
Though this approach may be regarded as rather forced it still resembles the nature 
and abundance of certain functional groups present in humic molecule. Occurrence 
and distribution of such groups use to be expressed as humification index. Such 
feature can also be easily illustrated as ratio of present aromatic and aliphatic 
moieties, i.e. degree of aromaticity. This degree may be visualized as superficial 
indicator of stability. However, the aromatic C content is not direct sign of sample 
quality, its origin and nature has to be considered. [50] Still, in some simple cases, 
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direct link between humification degree and the substrate ageing was found. [51] A 
good agreement between the aromaticity of leonardite HA measured by NMR and 
thermal analysis data (TGA in particular) was already discovered. The statements 
were based on the extent of weight losses below 653 K in oxidative atmosphere; and 
the remaining residue at 1223 K under nitrogen atmosphere should indicate 
previously present aromatic structures. [52] Another study showed that elemental 
composition and parameters of thermal decomposition can be promising for 
classification of sedimentary HAs. The results infer that nitrogen content in HAs is 
inversely proportional to aromaticity of HA molecules and to their heat of 
combustion. [53] The understanding of fate and behaviour of aliphatic and/or 
aromatic parts of SOM plays an important role in several concrete environmental 
implications. Organic matter in sedimentary environments, that lack terrestrial 
organic matter additions, contains predominantly aliphatic moieties. It is important 
to consider the role of aliphatic structures in the sorption of nonionic, hydrophobic 
organic contaminants. Furthermore, aliphatic domains require more attention when 
considering the uptake, sequestration, and bioavailability of organic contaminants in 
soil and sedimentary environments simply due to their presence, persistence, and 
sorptive capability. [54] 

The selection of humic substances samples was performed in order to cover the 
source, where HS are the most abundant and play an important role in nature (soils), 
having various chemical and physical characteristics suitable for this study. Thus, 
the primary objective of this part of study is to assess the stability of humic 
substances of various origin (therefore with different amounts of aromatic and also 
carboxylic carbon) using four distinct equations as temperature functions. Obtained 
data were correlated with the chemical composition of humic substances. The linear 
correlation between obtained isoconversional times and values of primary properties 
of HS samples was evaluated using the Pearson product–moment correlation 
coefficient. The task is to elucidate the influence of aromatic and carboxylic C 
content on the thermo-oxidative stability of the samples. The discovery of the right 
approximation could contribute to modeling of C flux in natural systems. It is 
important to mention that the aim is not to establish any equations enabling 
calculation of NMR and elemental analysis data from thermogravimetric records but 
to shed light on the processes of thermo-oxidative degradation of humified pool of 
natural organic matter; to search for an interrelationships and trends between 
primary (analytical) and secondary (physical) structure of humic substances; and to 
search for the suitable temperature function providing data with the highest 
correlation coefficient. 

 
5.1.3 Primary properties of humic samples 

Chemical composition data are summarized in Table 1; possible sulphur traces in 
humic substances are included in oxygen content. The content of all kinds of C, H, 
N, O is expressed as mass percentage. The highest carbon content possessed lignite 
and oxyhumolite humic acids XM1HK and XP13HK, respectively. Since their 
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sources are low-rank coals, high amount of carbon (mostly conjugated and cyclic) is 
expected. On the other hand, the lowest C content can be observed at all three 
samples of fulvic acids, i.e. A65FK, B660FK and N65FK. This is in line with the 
distribution of oxygen in humic substances, which is connected with carboxylic 
groups, phenolic and alcoholic OH groups, ketones and chinones. That is the reason 
of highest content of O in fulvic acids samples, i.e. the most soluble humic 
substances fraction. Nitrogen content in humic substances is regularly attributed to 
hydrolysable amino and imino groups [50] and therefore the oldest (in comparison 
with soil samples) lignite and oxyhumolite samples possess relatively low values. 
The content of both aromatic and carboxylic carbon in the samples of humic 
substances is coherent with above mentioned elemental character. High amount of 
conjugated and mainly aromatic carbon is present in brown coal samples, where at 
the same time low amount of aliphatic chains ending with carboxylic functional 
groups is expected. And vice versa for the fulvic acids samples. High amount of 
carboxylic C (responsible for solubility in aqueous media) corresponds to low 
amount of aromatic C. 
 
Table 1  Primary characteristics of HS samples 

aromatic 
C 

carboxylic 
C 

C H O N 
Sample 

weight % 
A65FK 43.0 24.4 44.6 3.78 42.16 1.31 
B2HK 30.2 17.4 49.5 5.01 39.95 2.76 

B660FK 29.0 41.5 43.6 4.21 40.98 1.60 
N65FK 42.9 37.6 44.5 3.91 42.79 1.05 
P42HK 33.0 18.0 45.0 3.45 36.54 3.91 
T15HK 23.7 14.4 53.2 5.50 36.59 3.00 
T25HK 46.5 15.1 50.1 3.34 41.80 2.56 
T55HK 37.0 21.0 48.0 2.40 44.32 2.48 
U22HK 45.0 11.2 48.9 3.03 41.18 2.88 

XF150HK 34.6 13.8 51.6 3.41 39.23 0.98 
XM1HK 60.1 13.0 54.0 3.85 37.26 1.48 
XP13HK 21.0 12.7 53.7 4.22 38.53 1.33 
RC17HK 33.0 25.9 49.7 3.24 41.14 3.13 

 
5.1.4 Relationship between isoconversional stability and primary 

characteristics 

The coefficients of mutual linear correlations between the calculated 
isoconversional times (using Arrhenius and non-Arrhenius equations, Eq. (7) and 
Eq. (8), respectively) and HS primary properties are graphically illustrated in 
Figures 6–11. Figures 6 and 7 display the level of correlations of thermo-oxidative 
stability of HS samples with the amount of aromatic and carboxylic carbon using 
Eqs (7) and (8), each figure for the respective equation. Since the trend in correlation 
coefficients through the whole range of conversion was for Eqs (8)–(10) more or 
less the same (the only slight difference was the value of correlation level), only one 
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example is depicted. The highest positive correlation was observed at 90 % of 
conversion for carboxylic carbon. On the other hand, together with 0 % conversion, 
these are the only values with positive correlation. As already hinted in [55], values 
on the edge of conversion interval may give erroneous results, since it may 
sometimes be difficult to assess the begging and the end of degradation process. The 
middle part of conversion range exhibits quite stable correlation level, values are 
between 0.25 and 0.5. Even though these values doesn't mean any significant 
correlation, we still may speak about logical explanation, since the presence of 
higher amount of carboxylic carbon in natural organic matter causes its instability. 
Carboxylic groups being the ending functional groups present the most suitable 
degradation sites in oxidative atmosphere at elevated temperature when CO2 and 
H2O is released and the structure starts to collapse. In Figure 6 such manner can be 
observed only at conversions 10 % and 50–80 %. When we examine the correlation 
between thermo-oxidative stability and the amount of aromatic carbon in the 
samples, no such pattern as in the case of carboxylic C is observed. If we focus just 
on the mid-conversion as in the previous case in Figure 7, between 10 and 80 % of 
conversion we can see both positive and negative correlation. The highest value is 
positive and reaches 0.4. This should mean, that high amount of aromatic carbon 
present in humic substances causes thermo-oxidative stability of the sample. The 
degradation of organic matter generally proceeds from labile molecules at lower 
temperatures (aliphatic moieties) to more stable ones (aromatic cores) at higher 
temperatures. When Eq. (7) as the temperature function is applied (Fig. 6), the 
correlation pattern changes substantially. Still, very narrow area with relatively high 
positive correlation (up to 0.5) can be found between 40 and 60 % of conversion. 
We must take into account that different samples (even with the same degree of 
aromaticity) may possess very diverse structures containing the aromatic carbon. 
These exhibit different stability and thus the correlation doesn't exist. This is also in 
line with recent statements that the aromaticity itself is not a direct indicator of 
humic substances stability. [56],[40] It seems that during the degradation of humic 
substances, not only the presence but also distribution of polar groups play an 
important role. Mutual weak interactions may rather have more stabilizing effect 
than the chemical nature of present hydrocarbons. The overall stability is thus 
origin-dependent. 
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Fig. 6  Correlation of conversion time with the amount of aromatic 

and carboxylic carbon using Eq. (7) 
 

 
Fig. 7  Correlation of conversion time with the amount of aromatic 

and carboxylic carbon using Eq. (8) 
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As previously published in [55], the correlation between thermo-oxidative 

degradation stability of humic substances expressed as conversion time using 
Arrhenius equation (Eq. (7)) as temperature function and their elemental 
composition has already been proved. High positive correlation with the carbon 
content and a reasonable negative correlation with the oxygen content were found. 
On the contrary, N content gave substantially lower correlation coefficients. Ratio 
C/H indicating the aromaticity degree of humic samples did not show any significant 
correlation. Relatively high value of correlation coefficients provided ratios 
C/(O+N) and C/O, respectively. As can be seen in Figures 8 and 10, previous 
conclusions can be confirmed with only a few exceptions. The values of correlation 
coefficients are substantially lower and do not follow exactly the same trend, mainly 
concerning the positions of maximal correlations throughout the conversion range. 
Nevertheless, correlation of isoconversional times with C content gives positive 
values of correlation, while O gives almost exclusively negative values. The values 
for N are so small that one can conclude that there is either no significant correlation 
between correlated parameters or an unexpected experimental error occurred. The 
highest value (0.6) of linear correlation of kinetics of degradation showed carbon 
content at 10 % and 60 %. Relatively high correlation was also observed for O 
content. The highest values were determined for 10 and 80 % of degradation. Within 
this conversion range the correlation coefficients are noticeably lower but it still 
indicates the destabilization effect of oxygen on overall humic substances structure 
stability. Content of N showed a weak influence on the stability of humic 
substances. The initial increase and later decrease of correlation level can be 
associated with the stability and degradation of heterocyclic compounds, which are 
present in humic substances. Additional correlations were also carried out with C/H, 
C/O and C/(O+N) and some significant results were observed (Fig. 10). In fact, C/O 
and C/(O+N) reflect the role of the organic carbon content in samples and C/H 
reflect the aromaticity degree of humic substances and they are traditionally used as 
a distinguishing characteristics of soil, sediment and sedimentary rock. [50] Some 
relatively interesting values of linear correlations can be identified. At conversions 
10 and 60 % the values within 0.6–0.8 (both C/O and C/(O+N)) were reached. In 
contrast, C/H reached the correlation maximally –0.25 at 10 % of degradation and 
positive values were even lower, which means no dependence between the 
parameters. 

In this work, also other equations serving as temperature function were used. As 
in previous case of correlating aromatic and carboxylic carbon, also here all three 
non-Arrhenius equations show the same patterns, regardless of what is correlated. 
Figure 9 displays linear correlation of conversion times and elemental composition 
of HS and Fig. 11 shows such correlation with elemental ratios. The values of 
correlation coefficient are not changing in such dramatic manner through the 
conversion range as in Figs. 8 and 10 and some clear trends can be identified. E.g. 
high carbon content is responsible for overall HS structure stability, while vice versa 
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in case of oxygen content. Nitrogen present in humic substances works as a 
stabilizer at lower conversions (nb. high correlation coefficient, over 0.8, at 
conversion 20 %) but destabilizes the structure at higher temperatures for reasons 
mentioned above. Concerning the elemental ratios (Fig. 11), the situation is more or 
less the same as with Arrhenius equation. No correlation of HS stability and C/H can 
be found. On the other hand, quite high values for other two ratios are reached 
through relatively wide conversion range (40–80 %). 

 

 
Fig. 8  Correlation of conversion time with elemental composition using Eq. (7) 
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Fig. 9  Correlation of conversion time with elemental composition using Eq. (8) 

 

 
Fig. 10  Correlation of conversion time with elemental ratios using Eq. (7) 
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Fig. 11  Correlation of conversion time with elemental ratios using Eq. (8) 

 
As mentioned above, the thermo-oxidative stability (expressed as conversion 

time) must logically increase with increasing conversion. As can be seen in Figure 5, 
this assumption is not fulfilled. The possible explanation of such behaviour can 
consist in the fact that some of the attributes of single-step approximation is not 
complied. The plausible kinetic description, which should provide unvarying values 
of adjustable parameters both for temperature and conversion functions over the 
whole range of experimental data may be unsuitable. The single-step kinetics 
approximation enables a mathematical description of the kinetics of solid-state 
reactions. The correct mathematical description should recover the values of 
conversion and the rate of the reaction under study for a given couple of time and 
temperature. In general, the temperature and conversion functions represent the 
temperature and conversion components of the kinetic hypersurface so that the 
adjustable parameters occurring in the both functions have no obvious physical 
meaning. They may vary with the range of experimental data so that the 
extrapolation of the results measured too far outside the experimental range cannot 
be considered trustworthy. The impossibility of far-reaching extrapolation is a 
weakness of the single-step approximation. [24] 
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5.2 SOIL SAMPLES 

5.2.1 Chemical, biological, and thermal characteristics 

Soil samples taken from extensive and natural land uses represented the main soil 
types under natural vegetation or low intensity (grazing) agriculture. These soils 
showed a wide range of physical and chemical characteristics. E.g. clay content 
ranged from 0 to 41 %, water content at pF 1.8 from 110 to 740 g kg–1, organic 
carbon content from 8.4 to 272 g kg–1, etc. 

Figure 12 shows the mean values of cumulative evolved CO2 from all 33 soil 
samples incubated (nb. incubation = respiration) under optimal moisture conditions 
(80 % of pF 1.8) and constant temperature (25 °C). It reveals the highest increase in 
the respiration rate at the beginning of respiration experiments with a decrease 
during incubation time. 

 
Fig. 12  Averaged curve of soil cumulative incubation and its derivative 

(respiration rate) 
 
An averaged thermogravimetric profile (TGA) of all non-incubated samples and 

its derivation (DTG) are reported in Figure 13. The processes occurring in soils 
during thermo-oxidative degradation have been described in scientific literature 
several times. [49],[58],[59] From this preview, the DTG curve provides a good 
resolution of the stages occurring during thermo-oxidative degradation. The 
temperature interval from room temperature to temperatures around 110 °C was 
attributed to the moisture evaporation, whereas higher temperature areas were 
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ascribed to degradation (oxidation/combustion) of soil organic (second DTG peak, 
up to cca. 600 °C) and inorganic (third DTG peak, mainly carbonates, around 
800° C) matter. 

 
Fig. 13  Averaged TGA and DTG record of non-incubated soil samples 

 

 
Fig. 14  Dependence of total CO2 amount evolved after 7 days of incubation on 

thermally induced mass losses in temperature interval 110–550 °C 
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In previous studies the mass loss recorded in pre-dried soils (at 105 °C), from 
110 °C to 550 °C was used for the determination of SOM content. [60], [61] Figure 
14 shows a randomly chosen example of mass losses from analyzed soils samples in 
relation to cumulative respired CO2 in soil incubation experiments after seven days. 
It demonstrates a statistically significant but on the other hand weak dependence 
between these two parameters. 

 
5.2.2 Time/temperature relationship between TGA and laboratory 

incubation 

As shown previously by Siewert in [39], the mass loss of soil at any temperature 
interval (obtained from TGA) can be positively correlated with data from soil 
respiration at any time of incubation. Such information can be illustrated in 3D 
charts. Fig. 15 shows an example of such concept. 

 
Fig. 15  Matrix of determination coefficients representing dependence between 

the rate of CO2 evolution and TGA mass losses 
 
In this figure, coefficients of determination are depicted in gray scale as the third 

dimension (Z-axis). The scale is differentiated according to the significance of the 
correlation, i.e. the darker shade of gray, the closer correlation. First, the shade 
changes with 0.05 step up to 0.8 (of coefficient of determination) and then with 0.01 
step. The Z-axis represents the mutual interrelations between CO2 evolution in 
incubation experiments with re-moistened soils and thermally induced mass losses 
of air-dried soils in TGA. The highest determination coefficients with R2 around 
0.85 can be found for thermally induced mass losses at the temperature interval 
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between 30 °C and 110 °C and the CO2 evolution rate after one day of incubation 
(black areas in Figure 15). The second area with statistical significance but lower 
correlation coefficients can be seen between mass losses in the temperature interval 
from 260 °C to 320 °C and incubation after approximately one day. Other significant 
correlations were also found for different incubation time periods at temperatures 
above 450 °C. 

In order to understand the meaning of interrelations between mass loss at lower 
temperatures in TGA and soil respiration, it is necessary to understand processes 
occurring during soil heating and induced mass losses. The mass loss of air-dried 
samples at lower temperatures up to approximately 150 °C is mainly connected with 
free and bound water evaporation. In soils, this water loss correlates with clay 
content. [57] Few publications discuss the hygroscopicity of fresh plant materials; 
more of them report humic substances and other components of soils as a source of 
the water detected in thermal analyses. [62],[63] Mass losses at higher temperatures 
are usually attributed to the degradation of soil organic matter components of 
different thermal stability. Around 550 °C the onset of degradation of carbonates is 
usually reported as the main reason of mass loss. [57] From this point of view, it is 
surprising to find the closest correlations of soil respiration in re-moistened soils 
with TGA mass losses occurring in the area of water evaporation in air-dried soils. 
The steep increase of these correlations immediately after the beginning of the 
incubation is unexpected too, but already reported for different sample sets. [39] The 
influence of water in air-dried soils on biological process in re-moistened soils could 
be associated with many factors. The kinetics of wetting and complete hydration of 
soil organic and inorganic matter has been demonstrated (including wetting and 
swelling) to take up to three weeks [63] and thus the kinetics of hydration are likely 
to play a role in the increase of correlation coefficient with time. It implies several 
questions. Could the interaction of water with soil organic matter be considered as 
regulation factor of biological processes in soils, and what is the influence of 
swelling, solvation, dissociation, diffusion and other phenomena on those processes? 
These questions reflect the lack of information regarding the unique soil properties 
associated with its long-term genesis, implying the complex and often poorly 
understood mechanisms between chemical, physical, and biological properties in 
soils. High correlation of mass losses at temperatures above 230 °C with biological 
activity after few hours of incubation was expected since in this temperature interval 
the organic matter, used by microorganisms during the soil respiration, is 
decomposed. [39] However, the reason for relatively low levels of the coefficients of 
determination (i.e. R2<0.50) was not clear. If one plots the dependence of 
cumulatively evolved CO2 after 5 days of incubation against thermally induced mass 
loss at 300 °C (area of significant correlation in Fig. 15, R2 = 0.77), Figure 16 is 
obtained. From the pattern of the data points it can be easily concluded that linear 
fitting is not the most suitable one. In this case, power dependence yields much 
higher determination coefficient (R2 = 0.95). Such trend cannot be easily explained 



 32 

and is not followed in each combination in dependence: incubation time vs. 
temperature region. 

 

 
Fig. 16  Power fit of TGA weight loss at 300 °C depending on cumulative evolved 

CO2 after 5 days of incubation 
 
Such and even higher coefficients can also be obtained using multiple regressions, 

hidden, non-trivial dependencies and TGA data from two or more temperature areas 
at the same time. These promising evaluations are not shown because for this type of 
correlation and further conclusions, higher number of samples (to cover wider range 
of respiration behaviour and mass losses) and additional experiments to discover the 
nature of these correlations is needed. 

 
5.2.3 Effect of incubation on thermally induced mass loss 

One can obtain more information about the relevant biological processes by 
comparing TGA of samples incubated for 80 days and non-incubated ones as shown 
in Figure 17. The subtracted difference between averaged curves obtained from all 
samples is displayed in the bottom part of the figure with separate scale to reveal 
changes in DTG induced by microbiological decay. This curve illustrates an increase 
of mass during respiration experiments evaporating and/or degrading at around 
110 °C and 225 °C. On the contrary, after incubation, there was a relative decrease 
of mass loss at temperature >240 °C, with a huge peak between 250 °C and 290 °C. 
It is thought that the effect of rewetting and drying is small as most of the changes 
occur when the soil is initially dried. These results confirm similar trends found 
previously in other soil samples. [64] The reason of such phenomenon is not clear. 
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However, the changes in mass losses at around 100 °C comparing the incubated to 
non-incubated samples suggest the interrelation of water binding to biological 
processes in soils, e.g. by accumulation of hygroscopic substances or changing 
chemical composition by growing microorganisms, redistribution of soil aggregates, 
and changes in organic complexes. The hypothesis is that one of the possible 
explanations of the relative increase in mass loss of incubated samples than in the 
non-incubated ones at temperatures around 200 °C could be attributed to the growth 
of microorganism population with lower thermal stability, i.e. higher content of 
labile biopolymers such as proteins, polysaccharides and other biomolecules present 
as the building blocks of microorganism bodies. From the temperature 250 °C 
onward, there is a decrease in TGA weight losses in incubated samples (Fig. 17, 
dashed line, negative values). Thermally induced mass losses in this temperature 
interval in incubated samples coincide with the mineralization of organic matter by 
microorganisms and transformation of labile molecules into heat and CO2. However, 
the confirmation of these statements is beyond the scope of this work. 

 

 
Fig. 17  Averaged derivative TGA profiles of all samples before and after 

incubation experiment and their difference 
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6  CONCLUSION 
Determined isoconversional times of humic substances samples were correlated to 

their primary characteristics, such as the content of aromatic and carboxylic carbon 
or other elemental features. During the calculations, four distinct (Arrhenius and 3 
non-Arrhenius) equations were used as temperature functions. As a measure of 
mutual interrelationship, Pearson product-moment correlation coefficient was 
employed. The effort to correlate linearly above mentioned parameters resulted in 
little success concerning the correlation values. On the other hand, in case of e.g. 
carboxylic carbon or oxygen content, undisputable interrelations were found and 
described. The non-Arrhenius temperature functions gave substantially higher 
correlation values; using the Arrhenius function, previously published findings were 
confirmed. In order to perform the least possible mathematical modifications of raw 
thermoanalytical data to avoid possible accumulation of errors, values of derivative 
thermogravimetric analyses were also correlated to primary properties of humic 
substances (data not shown). Unlike in soil samples, where this approach leads to 
perfect agreement between elemental and thermogravimetric analysis, humic 
samples neither show high correlation coefficients nor was any trend of correlation 
during degradation observed. 

The results of soil experiments confirmed the existence of close interrelationship 
between soil biological respiration estimated via CO2 evolution in incubation 
experiments and thermal stability detected by mass losses using TGA. The 
combination of incubation experiments with thermal and simple elemental analyses 
can open the way to new methodical approaches. The possibility to monitor changes 
in soil composition induced by microbial activity confirms the attractiveness of 
TGA to identify soil components that change during biological processes and should 
be analyzed with other methods. Obtained results hint at the importance of water-
binding processes and should be verified as a key factor for transformation processes 
in carbon cycling. Therefore, hydration of air-dried samples has to be taken into 
account during sampling and sample preparation for soil incubation and TGA 
experiments to get comparable results about intrinsic properties of soils as a product 
of interrelated biological and non-biological processes. 

Summarizing all results, the combination of TGA with other analytical techniques 
and methods and approaches should promote better understanding of humic 
substances degradation behaviour and of soil intrinsic properties and distinguish 
them from other mineral substrates containing carbon upon long-term formation 
processes. 
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9  ABSTRAKT 
Tato dizertační práce je napsána jako termoanalytická studie humifikovaných 

substrátů, tj. huminových látek a půdních vzorků, získaných z několika různých 
zdrojů tak, aby byl pokryt co nejširší rozsah primárních charakteristik. Práce hledá 
lineární korelace (s využitím Pearsonova korelačního koeficientu) mezi kinetikou 
termo-oxidační degradace (sledovanou pomocí termogravimetrie (TGA) a 
vyjádřenou konverzním časem stanoveným neizotermickou izokonverzní metodou) 
a standardními charakteristikami, jako je množství aromatického a karboxylového 
uhlíku přítomného v huminových látkách stanoveného spektroskopií nukleární 
magnetické rezonance (NMR). Hlavním cílem této práce je objasnit proces termo-
oxidační degradace humifikované části přírodní organické hmoty a hledat závislosti 
mezi primární a sekundární strukturou huminových látek. Dalším úkolem je nalezení 
korelace mezi termogravimetrickým úbytkem hmotnosti půdních vzorků a jejich 
mikrobiální stabilitou měřenou v laboratorních experimentech jakožto půdní 
respirace (tedy uvolňování oxidu uhličitého). Účelem je zjistit, zdali vzájemné 
propojení vůbec existuje, a objasnit jaké druhy procesů, které provázejí půdní 
respiraci, je možné jednoduše odhalit pomocí TGA. Výsledky práce skýtají 
detailnější pohled na termickou analýzu půdních vzorků a jiných humifikovaných 
materiálů. Hlavním přínosem této práce je prezentace vyskytujících se aplikací 
termické analýzy pro charakterizaci půdní organické hmoty a dále také příspěvek 
k rozvoji aplikací technik termické analýzy v půdní vědě. 


