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1  INTRODUCTION 
Humic substances may not be beautiful, but they do beautiful things. 

[Fritz H. Frimmel, environmental chemist] 
 
Humic substances are of subject of scientific research for about 200 years. 

Generally, their research is motivated by the possibility of further applications in 
soil and crop management, where they might serve as soil conditioners and plant 
growth stimulants. This topic is crucially important, since soil issues (like 
desertification, erosion, and lack of soil hydration) are currently tormenting almost 
every country, no matter if underdeveloped, developing or developed.  

Moreover, realizing the brief economic fact, that all of the resources are limited, 
the need for the maximal exploitation of existing natural resources is very prominent 
now. The history teaches us, that there is no need for panic, since in every historical 
case of lack of some particular resource, some alternative (either replacing resource 
or more prospective exploitation of the original one has been found). This seeking 
for alternatives has to be very well judged.  

The second “every country’s” problem may be the both old and newly introduced 
environmental loads. In Czech Republic, in particular, great issues now are the old 
environmental loads coming from the socialist regime industry, agriculture and 
military activity.  

Humic substances are such an example of the maximum exploitation of the 
natural resources. They are easy to obtain by means of extraction from lignite or 
leonardite (simply from brown coal) or compost and even some waste materials. 
Traditionally, they are extractable from soils which process is used merely for the 
scientific research, however it is quite clear, that for the applications, it is more 
helpful to extract the humics from other raw materials and, if needed, add them to 
soils. The applicability of humic substances in the agricultural, environmental and 
applied chemical industry or even medicine is a great topic for research and a 
business plan for many companies. The author believes that the best what we can do, 
is to continue in this research and intensify it with the application aim, because it can 
lead not only to the more sustainable and cheaper agriculture or easier remediation 
and sorption technologies, but even to some very special and precious applications 
in the future.  

Czech Republic, with its relatively large deposits of lignites, the best resources for 
the humic acid extraction, is an ideal country for the research and production of 
humic substances. Yet we have much to catch up. Countries like Italy, Turkey, 
Pakistan, China, Brazil, Russia or U.S.A. are nowadays much more successful in the 
humic research than us.  
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2  OVERVIEW OF STATE OF THE ART 
2.1 HUMIC SUBSTANCES 
2.1.1 HS Definition and Composition 
Definition of humic substances is so complex, that it cannot be described in a few 

words. In general, it can be stated, that HS are a part of soil organic matter (SOM or 
humus) – the total of the organic compounds in soil except undecayed plant and 
animal tissues and soil biomass). They are a series of high molecular weight 
compounds formed by secondary synthesis reactions; they may be generally 
characterized as being rich in oxygen containing functional groups (COOH, 
phenolic/enolic OH, alcoholic OH and C=O of quinones). Humic acids (HA), as a 
subgroup of HS, are dark-colored organic materials which can be extracted from soil 
by dilute alkali and other reagents and that are insoluble in dilute acid. There are 
four traditional points of views on the humic acids. From the molecular point of 
view, HA are discrete molecular structures, from the conceptual one, HA are 
supramolecular species derived from terrestrial plants. From the point of view of 
their origin, HA are the end products of specific biosynthetic pathways and as for 
the isolation HA are the final fractions of particular extraction procedures. The 
“isolation” or operational definition of HA is based on their solubility (in alkalis) 
and is traditionally used in the same way now in 2011 as it was introduced in the 
19th century. Three theories speak about the HA formation on the nature: the 
“Lignin-Protein” theory, the “Sugar-Amine” theory and the “Polyphenol” theory 
[1],[2].  

HS consist of carbon, oxygen, hydrogen and nitrogen (in about 50–60, 30–40,  
3–6, 1–5 atomic percent respectively), occasionally small amounts of sulfur and 
phosphorus can be found too [1]. As for functional groups, the main acidic groups in 
HAs are the carboxyl and phenolic OH groups, but alcoholic OH and carbonyl 
(quinoid and ketonic C=O) are also well represented, whereas methoxyl OCH3 
groups are found in smaller amounts. HA are supramolecular species build from 
aromatic, aliphatic (both saturated and unsaturated), saccharide, protein and lipid 
moieties, upon them other bioorganic chemicals can be adsorbed. Into the humic 
structure, metals (usually the bivalent ones) can be chelated. Probably the most 
recent and accurate model of humic acid structure which is also showing the system 
complexity was presented by Simpson et al.(see Figure 1 [3]). 

 
2.1.2 Lignite Regeneration and HA Extraction 
Lignite is the youngest coal, usually called as brown coal. It is the first product of 

coalification and an intermediate between peat and subbituminous coal. Lignite is 
morphologically and molecularly polydisperse system consisting of cyclic and 
aromatic compounds, water (both incorporated in the free space /pores, microcracks/ 
and physically bonded), special mineral structures based on metal compounds 
(silicon, iron, aluminum etc.) and macroscopic components. 
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Figure 1: Recent model structure of humic acid according to Simpson et al. 

(2002); M stands for metal ion or surface [3]. 
 
Since coal is considered as the final product of diagenesis (which runs from low 

molecular weight substances across the loss of functional groups and condensation 
reactions to the end of tridimensional poorly soluble network of anthracite), 
oxidation products obtained from coals by pre-treatment with strong oxidizers like 
nitric acid, potassium manganate(VII), sulphuric acid or hydrogen peroxide and also 
by air oxidation have been reported as regenerated humic acids [4–10]. Ergo the 
regeneration of coal works, the regeneration of lignite may be an interesting idea 
too, supposing that it will lead to the change in the resulting HAs structure, 
enriching them in aromatic structures and semichinoidal structures, furthermore, it 
may extend the application potential of lignite. The optimization of the lignite 
regeneration process, like choose of agents and their concentration is still subjected 
to the research and discussion and therefore partial goal of this thesis. 



 7 

2.1.3 Colloidal and Environmental Features of HS 
The earlier studies favored the polymer theory, where humic substances (mainly 

humic and fulvic acids) were described as randomly coiled macromolecules having 
elongated shapes in basic or low ionic strength solutions, but becoming coils in 
acidic or high-ionic strength solutions. These thoughts were mostly based on the 
results given by ultracentrifugation, sedimentation velocity and diffusion methods 
More recently, Piccolo carried out an exhausting study of the molecular aspects of 
humic substances, pointing at the great differences in the predicted molecular weight 
values of the HS, which were in various studies ranged from 2.6 to 1 360 kg mol–1 
and even after fractionation, the results were always polydisperse and dependent on 
the technique used and on the ionic strength of the liquid sample [11 and references 
therein]. The micellar model of HS was first introduced by Wershaw [12] and now is 
widely accepted [13]. This has been found by employing the experiments studying 
the same interactions that promoted supramolecular associations. Today’s view on 
the humic acid associations in water is similar to the on micelles formed by 
surfactants in aqueous solutions, where intra- or intermolecular organization 
produces interior hydrophobic regions separated from aqueous surroundings by 
exterior hydrophilic layers. HS organize spontaneously in aqueous solutions, 
forming aggregates in the colloidal range that have relatively polar exteriors and 
nonpolar interiors. While in surfactants, these aggregates are called micelles, and 
consist of discrete monomer units arranged in usually spherical arrays, in HAs the 
structure is not so exactly defined, since humic molecules have a broad size 
distribution and a variable allocation of many various functional groups. More 
probable, the humic molecules are both intra- and intermolecularly organized and 
the longer chains are coiling up to form domains of different particles. This 
arrangement is more constrained than the one found in detergent micelles and the 
term pseudomicelle is the best describing one for the HA aggregates [12–15]. 

HS contribute to plant growth through their effect on the physical, chemical, and 
biological properties of the soil. They have nutritional function in that they serve as 
a source of N, P, and S in bioavailable forms, a biological function in that it 
profoundly affects the activities of microfloral and microfaunal organisms, and a 
physical function in that it promotes good soil structure, thereby improving tilth, 
aeration, and retention of moisture, and they reduce thermal conductivity of soil, 
thereby they protect the biological processes in soils against severe thermal 
fluctuations. Many of the benefits attributed to HS have been well documented, but 
it should be noted that the soil is a multi-component system of interacting materials. 
Accordingly, soil properties represent the net effect of the various interactions and 
not all benefits can be ascribed solely to the organic component. The biological 
activity of humic substances will be mentioned separately further [16 and references 
therein]. 

Moreover, the organic pollutants may be adsorbed through physical-chemical 
binding and forces, including ionic, hydrogen and covalent binding, charge-transfer 
or electron-donor-acceptor mechanisms, dipole-dipole and van der Waals forces, 
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ligand exchange, cation and water bridging and non-specific, hydrophobic or 
partitioning processes. The various properties of the specific organic pollutant result 
in several possible mechanisms that may operate in combination. The second of the 
most important environmental properties of HS is the ability to interact with metal 
ions to form both water-soluble and water-insoluble complexes possessing various 
chemical and biological stability and properties. The most processes in which metals 
are involved in soils are affected by HS, which behave as natural “multiligand”, 
which means that they have many complexing sites per molecule [16 and references 
therein]. 

 
2.2 APPLICATION POTENTIAL OF HS 
2.2.1 Biological Activity ~ More Sustainable Agriculture 
Continua messe senescit ager. (A field becomes exhausted by constant tillage.) 

[Publius Ovidius Naso, poet] 
Biological activity of humic substances is a natural phenomenon, studied by 

mankind almost for one hundred years. The auxin-like activity (auxins are plant 
hormones, i.e. signal molecules, which regulate the plant growth and many other 
aspects) was first presupposed by Bottomley in 1917 [17]. Lovley et al. found, that 
some microorganisms living in soils and sediments are able to use HS as electron 
acceptors for anaerobic oxidation of organic compounds and hydrogen [18]. 

It is already well known, that HS stimulate the plant growth and moreover, that 
HS are taken up into the plant tissues [19]. This effect has been attributed to the 
formation of complexes between HS and nutrients, which can increase the solubility 
of certain micronutrients (iron and zinc in particular) [20]. Several works were based 
on describing the phyto-hormonal-like properties of HS with low molecular mass 
[21],[22]. However, it has later been suggested, that the biological activity of HS is 
related more to their chemical structure, than to molecular mass [22]. The biological 
activity of the HS with higher molecular mass has been previously proposed by the 
theory of releasing the HS’ low-molecular mass fraction from the supramolecular 
complex, which is pH dependent [11]. While Nardi et al. focused on the auxin-like 
activity of humic substances [22–24], Canellas et al. and Zandonadi et al. studied 
the effects of HAs (isolated from vermicompost of bovine manure prepared using 
the Eisenia foetida earthworms) on the earliest stage of lateral root development of 
maize (Zea mays) [25],[26]. 

In this field, a scientific discussion is really alive, since the presumptions of the 
mechanisms ofd humics biological activity are significantly different. Nardi’s work 
showed that especially the low-molecular mass fraction of HS is responsible for the 
positive influencing of biological activity. Further results showed increased nitrate 
uptake and inhibited K+, stimulation of the enzyme ATPase of maize microsomes 
and the extrusion of H+ in the form similar to gibberelic acid (which is also a plant 
hormone regulating growth and other processes) [23]. Canellas et al. focused the 
research on the elucidation of the hormonal-like activity of humic substances. The 
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authors based on the already confirmed information about the auxin-like activity of 
HS and on the proposal that one of the mechanisms by which auxins stimulate plant 
growth is by inducing an increase in the amount of plasma membrane H+-ATPase, 
which acidifies the apoplast and thereby loosens the cell wall, allowing the cell 
elongation. Activation of the H+-ATPase can also improve plant nutrition by 
enhancing the electrochemical proton gradient that drives ion transport across the 
cell membrane via secondary transport systems and on that knowledge, that low 
molecular weight HA can stimulate the H+-ATPase of plasma membrane vesicles 
isolated from roots of several plants (which is probably due to dissipation of 
electrical potential or enzyme modulation by yet undefined posttranslational 
mechanism) [25],[26]. Canellas et al. confirmed the presence of auxin-like 
structures in the tested HAs (by means of GC-MS), revealed the proliferation effects 
on the of lateral root emergence in maize roots and supposed the likeness of HA 
ability to express the plasma membrane H+-ATPase gene. 

Important new research was done by Aguirre et al. who found, that leonardite 
humic acids significantly affect the main physiological plant (cucumber, Cucumis 
sativus L. Ashley) responses to Fe deficiency, while increasing the expression of 
genes (CsFRO1, CsHa1, CsHa2 and CsIRT1) encoding the enzymes like Fe(III) 
chelate reductase, plasma membrane H+ATPase and Fe(II) high-affinity transporter. 
In fact, due to the stimulated expression of these genes, more of the mentioned 
enzymes were synthesized in the plant resulting in the higher Fe uptake. These 
results were gained (after harvest of cucumbers treated with humic acid solution and 
isolation of mRNA transcript from the roots) by means of real time reverse 
transcription polymerase chain reaction (RT-PCR) [27].  

The newest conclusions from Mora and Aguirre et al. are supposing that the 
phytoregulators, like cytokinins, gibberellins, or indolacetic acid are not responsible 
for the biological activity of humic substances, even in spite of the whole generation 
of scientists who favored this explanation. Since during this research almost none of 
these phytoregulators were found in the humic acid sample (by means of  
HPLC-MS/MS), Mora and Aguirre are preferring the explanation using the 
phenomenon of activation of root plasma membrane H+-ATPase activity together 
with the postulate, that this phenomenon may cause significant changes on root-to-
shoot distribution of NO3

– and therefore of cytokinins and polyamines [28]. 
Further, humics from many sources have been researched as various fertilizer 

additives [29] and soil conditioners [30],[31]  
 
2.2.2 Other Applications or Potentials 
Humics were researched or even used as sorbents [32],[33–38], wastewater 

treatment agents [35], polymer additives (fillers, blowers, plasticizers, antioxidants) 
[39–42] and dyes [43], as well as synthesis precursors [44],[45] and surfactants [46]. 
Humics are also the drivers of successful business plans of many companies.  
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For the complete state-of-the-art with elaborated treatise on biological activity, 
colloidal properties and environmental functions of humics as well as their 
applications, see the full version of the author’s Ph.D. thesis, where also the review 
of particular analytical techniques is presented. 

 
3  GOAL OF WORK 
The first goal of this thesis is the production of a set of humic acids originating 

from parental and regenerated South Moravian lignite, with the aim to increase the 
yield of humic acids, to modify their chemical and physical characters and to 
confirm and extend the results reported by Vlčková [47],[48]. At first, as a 
modification mode, the oxidation of parental lignite will be carried out. Oxidation 
agents of choice will be hydrogen peroxide and nitric acid in a wide range of 
concentrations. Further, parts of extracted humic acids will be converted into 
potassium and salts in order to obtain water-soluble samples.  

Stability, composition and structural aspects will be studied for the solid samples 
(HA) employing Thermal Analysis (TA), Elemental Analysis (EA), Fourier 
Transform Infrared Spectrometry (FTIR) and Fast Field Cycling Nuclear Magnetic 
Resonance Relaxometry (FFC NMR).  

In case of liquid state analyses, i.e. of potassium humates, the combination of 
High Resolution Ultrasonic Spectrometry (HRUS), Dynamic Light Scattering 
(DLS), Densitometry and High Performance Size Exclusion Chromatography 
(HPSEC) with both Diode Array and Index of Refraction Detectors (DAD and RID) 
is planned. The information about physical structure of humic acids and its relation 
to their properties published so far is still limited and author of this thesis hopes that 
extension of traditional approaches and introduction of novelty techniques can bring 
additional and useful observations regarding this issue. Obtained characteristics, 
such as state of aggregation, hydration conditions and nature of supramolecular 
conformation will be correlated with the biological activity and various 
applicabilities of humates. Author’s assumption about those connections is 
supported by findings of several authors, e.g. Piccolo [11], Canellas et al. [49] and 
Vlčková et al. [47]. 

The biological activity of samples will be tested with respect to the root growth 
and division. Therefore a simple hydroponic method will be derived for the easy use 
in almost every laboratory. For a proper evaluation of root characteristics image 
science will be employed. Since the correlation of biological activity and physico-
chemical properties of humates (such as hydration, aggregate size or molar weight) 
is still a discussed novelty, the experimental data will be combined and following 
scheme will be solved. 

Enclosing this thesis, a pilot study will be indicated, aimed to check the possible 
application of humics as a sorbent for tetracycline antimicrobial (which is a 
collateral contaminant of growing importance). 
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The synergistic view [50] of this thesis onto the humic substances chemistry as 
well as the flowchart of this thesis are depicted in the Figure 2 and Figure 3 
respectively. 
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Figure 2: Synergistic view of this thesis onto the humic chemistry as proposed by 

Kučerík [50]. 
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Figure 3: Flowchart of this thesis. 
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4  OVERVIEW OF EXPERIMENTAL PART 
The experimental part is presented shortened in the two tables. The first (Table 1) 

represents the sample preparation and naming while the second (Table 2) describes 
the analytical techniques and particular measurements. In general, the experiments 
can be divided into the samples preparation, solid samples analysis (humic acids) 
and liquid samples experiments (potassium humates). 

The regeneration of lignite was achieved by means of nitric acid or hydrogen 
peroxide in the concentrations of 10, 20, 30, 40, 50, 65 vol% and 5, 10, 20, 30 vol% 
respectively. Lignite to agent ratio was 1:10 w/w (50 g of parental lignite in 500 mL 
of regeneration agent). Lignite was regenerated for 30 minutes at the temperature 
around 30°C in the glass beaker. For the 50 and 65 vol% nitric acid the round 
bottom flask with reflux and bottom cooling bath was used, since these regeneration 
reactions were strongly exothermic. Small amount of wet regenerated lignite was 
left to dry on atmosphere. 

Humic acids were isolated from parental or regenerated lignite employing the 
slightly modified procedure described by Swift [51]. Shortly, the humic matter was 
extracted by mixing lignite with 0.5 M sodium hydroxide (and 0.1 M sodium 
pyrophosphate) extraction agent for 2 hours at 40°C in the glass beaker. The lignite 
to agent ratio was 0.8–1 : 10 w/w (40 g of regenerated lignite or 50 g of parental 
lignite and 500 mL of the extraction agent), followed by series of precipitations, 
centrifugations, dialyses, and freeze-dried at the end of the process, see Swift [51] 
and the original thesis. 

From the mixture of lignite and regeneration agent, the RFILT samples 
(regenerated filtrates) have been collected and treated as fulvic acid fractions. 

 
Table 1: Samples. 

Sample Description 
HA, KHA Humic acid or potassium humate from parental 

lignite. 
RHA10N, KRHA10N Humic acids or potassium humates from lignite 

regenerated with respective concentration of 
regeneration agent: N – 10–65 vol% HNO3,  

P – 5–30 vol% H2O2. 

RHA20N, KRHA20N 
RHA30N, KRHA30N 
RHA40N, KRHA40N 
RHA50N, KRHA50N 
RHA65N, KRHA65N 

RHA5P, KRHA5P 
RHA10P, KRHA10P 
RHA20P, KRHA20P 
RHA30P, KRHA30P 

LIG Parental lignite. 
RLIG30N Lignite regenerated with 30 vol% HNO3. 
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Table 2: Overview of Experimental Part. 
SOLID SAMPLES – HA (storaged in dessicator) 

Technique /  
Analysis 

Machine Conditions & Methods 

EA Perkin Elmer 2400 CHNS/O Elemental Analyzer 
FTIR Thermo Nicolet iS10 

Infrared spectrometer 
1 mg oven dried sample +  

200 mg of dried KBr in pellet under dried air atm. 
FFC NMR Stelar Spinmaster-FFC-

2000 Relaxometer 
293 K, 0.5 T, 20 MHz,  

8 scans, 32 spaced time sets, 
free induction decays of 1H 90°pulse, 0.38 T, 16.2 

MHz, 100 µs, 512 points 
TGA TA Instruments Q5000 IR 

High Resolution Thermal 
Analyzer 

RT°. to 650°C , 10°C min–1 
under 50 mL min–1 dried air 

LIQUID SAMPLES – POTASSIUM HUMATES 
DLS Coulter N4 Plus Submicron 

Particle Sizer 
Conc. 250 mg L–1, 632.8 nm, 0.2 µm filtered, 
Unimodal Analysis, 90°, 15 min equlibration,  

10 runs, 300 s each, 25°C + temp. series 
HPSEC Dionex Ultimate 3000 

Standard Chromatography 
Station (DAD) + Agilent 

1100 Series 
Chromatography Station 

(RID) 

Conc. 0.6 mg mL–1, 100 µL injection 
Phenomenex BioSep S2000 600 × 7.8 mm column + 
0.2 µm inlet filter Mobile: 50 mmol L–1 solution of 

NaH2PO4 H2O 0.6 mL min–1, 25°C. 
Poly(styrenesulphonates) and polysaccharide 

standards. 
Hydration Sonas Technologies HR-

US 102 Ultrasonic 
Spectrometer + Anton Paar 
DM A 4500 Density Meter 

Conc. 250 mg L–1, 25.00 ± 0.02 °C, 600 rpm stirring, 
difference in ultrasonic velocities in two cells during 

three steps. Davies et al. [52] 

Fluorescence 
Spectrometry 

Hitachi F-2500 
Fluorescence Spectrometer 

Conc. 20 mg L–1, 1 cm quartz cells,  
Ex. 240–450 nm, Em. 400–500 nm. 

Biological  
Activity 

Zea mays CEKLAD 235 dressed corns, treatment (water + 0.05 M NaClO, 
germinated in wet paper rolls 2 days in dark at 28°C). 2–4 cm germs in 

poly(styrene) bed and containers in 1 L of 2 mM CaCl2 (control) + 0.4 vol% Atonik 
Pro and/or 40 mg L–1 humates, 5 days at 25°C, 12/12 h light/dark. 
BT 120 Biological Thermostat + Dennerle NanoLight 9 W lamps,  

600 lumen, 2500–1500 lux. Scanner + image analysis. 
TC Sorption 
& Analysis 

Heidolph Reax 2 
overhead shaker + 

Agilent 1100 Series 
Chromatography Station 

Lignite (LIG), HA and regenerated lignite (RLIG),  
0.2 g 7 days conditioned in 10 mL deionized water; 10 
mL of tetracycline in resulting concentrations of 0.1–

100 mg L–1 added. 48 hours of sorption. 
Analysis according to Vítečková [53]. 
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5  OVERVIEW OF RESULTS AND DISCUSSION 
5.1 SAMPLE YIELD 
In all the cases of lignite regeneration, satisfactory yield was given. The yields 

were achieved in the range from 0.932 g of RHA30P to 4.629 g of RHA50N. The 
HA sample yield was 1.783 g. Regeneration of lignite by means of HNO3 therefore 
increases the yields of HA, while regeneration with H2O2 presented slightly  
yield-lowering effect. Both yields of regenerated filtrates and fulvic acids were 
considered negligible, so the lignite regeneration does not cause any humic material 
losses during the process. 

 
5.2 EXPERIMENTS WITH SOLID HUMIC ACIDS 
The results of the elemental analysis of obtained samples are summarized in the 

Table 3. 
 
Table 3: Elemental analysis results. 

Sample C H N O H/C N/C O/C 

 
[at %] [at %] [at %] [at %] [1] [1] [1] 

HA 43.53 36.99 0.86 18.62 0.85 0.02 0.43 
RHA10N 40.01 45.81 0.64 13.55 1.15 0.02 0.34 
RHA20N 38.23 42.74 2.12 16.91 1.12 0.06 0.44 
RHA30N 37.89 41.96 2.43 17.73 1.11 0.06 0.47 
RHA40N 38.34 40.92 2.94 17.79 1.07 0.08 0.46 
RHA50N 38.44 41.07 2.66 17.84 1.07 0.07 0.46 
RHA65N 36.66 43.49 2.86 16.98 1.19 0.08 0.46 
RHA5P 41.59 43.43 0.88 14.10 1.04 0.02 0.34 
RHA10P 40.17 44.53 0.78 14.52 1.11 0.02 0.36 
RHA20P 39.24 45.08 0.67 15.02 1.15 0.02 0.38 
RHA30P 38.87 46.60 0.44 14.09 1.20 0.01 0.36 

 
The most remarkable result of the lignite regeneration is the variation of the 

nitrogen content of the final humic acids. The N content is rising from the 
regeneration with 20 vol% to the 40 vol% of nitric acid. Surprisingly, the sample 
RHA10N performed a lower nitrogen ratio than a humic acid from parental lignite, 
this could be caused by a fact, that the 10 vol% nitric acid is not enough strong 
nitrating agent, even if is strong enough to oxidize the lignite. The HA samples 
made of lignite regenerated with 30, 40, 50 and 65 vol% HNO3 show a significantly 
higher amount of nitrogen in their structure, as well as the higher oxygen content 
and O/C ratio. This, together with increasing H/C ratio, indicates the enhancement 
of the oxygenous functional groups portion, and potentially also the lowering of the 
humics aromaticity degree. 

FTIR spectroscopy data supported the results from elemental analysis. Obtained 
vibration spectra of all the samples (HA and RHAs) are comparable to the spectra  
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of humic acids published by many authors before. All the samples performed the 
ordinary humic substance peaks, like the broad 3400–3200 cm–1 (hydrogen bonded 
OH) and the 2920–2900 cm–1 (aliphatic C–H stretching). Sharp peaks have been 
detected around 1720–1710 cm–1 for the C=O of COOH and esters and  
1620–1610 cm–1 for C=O stretching too, but this was mainly the moiety of COO–, 
ketonic C=O and aromatic C=C conjugated with COO–. The 1280–1200 cm–1 peak 
signifies the presence of the aromatic rings and aromatic C–stretch. In the RHA 
samples from lignite regenerated with HNO3, the aromatic–NH–R moieties may 
also absorb in this region as well as the aromatic–R–COOR structures in the samples 
RHA20P and RHA30P; in both the regeneration samples cases are the peaks shifted 
nearer to the 1280 cm–1 value.  

As for confirmations, the presence of aliphatic C–H stretching is validated by the  
1430–1420 cm–1 peak, the OH groups are confirmed by the 1032 cm–1 peak and 
aromatic structures are validated by peaks in the regions of 1510 cm–1 and  
770–765 cm–1, the COO– groups then by 1376–1369 cm–1 peak, however, the 1032 
cm–1 and 1376–1396 cm–1 peaks are not present in the spectra of the regenerated 
samples, mainly in the RHA30N – RHA65N.  

The incorporating of nitrogen atoms into the humic structure by the HNO3 lignite 
regeneration is not only reflected by the results of elemental analysis, but it can be 
also seen in the FTIR spectra, where the 1540–1520 cm–1 peaks of Ar–NH/NO2 are 
present (RHA20N–RHA65N samples) and the strong oxidative and nitration effect 
of concentrated HNO3 is confirmed here by the 1333 cm–1 peak of CO–NH and NO2 
(RHA40N–RHA65N samples). 

Employing thermogravimetry, the thermooxidative stability of the sample was 
assessed (see Figure 4), where the 1st degradation onset of the HA sample was 
detected at 203°C. Slightly increased was the first onset temperature by the 
RHA10N sample (227°C), but generally the HNO3 regeneration decreases the 
thermal stability (135–170°C). The RHA_P samples presented the lower stability 
too, but only slightly (170–203°C). This is in line with previous results of Kučerík et 
al.[54], and Gonet and Cieslewitz [55]. 

FFC NMR Relaxometry showed relaxation times of water protons in studied 
humic acids in the ranges maximally up to hundreds of milliseconds, therefore, the 
present water is considered adsorbed or confined. For respective humic acids, 
relaxation times are generally rising with rising concentration of applied 
regeneration agent, but in case of HNO3 only up to 40 vol%., ergo, the regeneration 
of lignite generally increases the surface of the consequently extracted humic acids. 
This technique showed a great potential for further research, not only of soil 
samples, but also of the particular humic acids (see Figure 4). 
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Figure 4: Thermogravimetrical (solid) an derivative thermogravimetrical 

(dashed) curves of the HA (black), RHA30N (grey) and RHA20P (light grey) 
samples (upper chart) and FFC NMR T1 relaxation times values (black triangles) 
and distributions (grey circles) (lower chart). 

 
5.3 EXPERIMENTS WITH LIQUID POTASSIUM HUMATES 
5.3.1 HPSEC 
The DAD detector used in this study determined the molecular absorptivity in the 

range of wavelengths from 220 to 415 nm. In all the DAD results, a bimodal 
distribution can be seen (see Figure 5) In principle, the sharp and intense peak about 
the retention time (rt) of 18 min can be attributed to the exclusion of the largest 
components (aggregates or chain segments), while with increasing rt the smaller 
aggregates or even molecules are subsequently excluded, resulting in a broader 
second peak as the detector signal during the 20 to 45 minutes of rt.  

The RI detector gave similar chromatograms for all samples, with only slightly 
different retention times and overall peak shape (this difference is given by diverse 
principle of signal generation on the detectors and have been thoroughly discussed 
in the past, for example see the reference [56]). The sharp on the RI detector peak of 
largest components is shifted to the 21–23 minutes and the broad peak of smaller 
moieties is shifted to the 22–25 to 40 minutes of rt.  
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Great differences can be seen between the particular representatives of the 

potassium humate from the parental lignite and the humates from the regenerated 
lignites. In general, the nitric acid regeneration brought the enhancing of the both 
peaks (narrow and broad) ergo enhancing the both detectors’ signal response. The 
KRHA40N and KRHA65N samples showed the suppressed narrow peak and 
enhanced broad peak. Peroxide regeneration of lignite evoked on both the detectors 
the enhancement of the narrow peak and suppression of the broad peak.  

For better recognition of the size distributions and their potential impact on HAs 
biological activity, the overall area under DAD detected peak (at 280 nm) was 
integrated. Integrated spectra were virtually separated into 6 intervals (see Figure 6). 
The intervals of distribution showed more clearly the differences between the 
individual samples. Again, according to the observation of Conte et al. [57] the alkyl 
hydrophobic components are mainly distributed in the largest molecular-size-
fraction, whereas the amount of oxidized carbons increases with decreasing size of 
fractions. Thus, for samples prepared by oxidation with HNO3, with increasing 
concentration of the agent, larger molecular-size fractions content increased slowly 
while middle-sized content was also favored. The exception can be seen for the 
sample pre-treated with 40 vol% HNO3, which eluted profusely both in the range of 
0–15 kg mol–1 and > 100 kg mol–1 suggesting that in this case the oxidation attack 
resulted in the extensive production of low-molecular-size-fractions, while many of 
them may have been suscepted to further aggregation onto the large aggregates, 
ergo, the content of large aggregates is unique by this sample too. For the samples 
treated with H2O2, the low-sized content was reduced in comparison with original 
humates and the fraction with second highest MWs was more prominent again. 
Generally, these results are in agreement with those of Vlčková et al. [47] and the 
assumptions of Conte et al. [57]. The respective total molar weights are to be seen in 
the Table 4. 

 
Table 4: Molar weights of humates [g mol–1]. 

Sample MN 
(280 nm 
DAD) 

MW 
(280 nm  
DAD) 

MN 
(RID) 

MW 
(RID) 

KHA 7 879 89 733 6 716 52 915 
KRHA10N 8 954 107 105 6 474 52 180 
KRHA20N 8 715 91 669 5 805 36 275 
KRHA30N 8 355 77 605 5 816 34 420 
KRHA40N 5 797 198 983 5 240 21 900 
KRHA50N 7 959 73 161 6 153 36 435 
KRHA65N 6 408 87 198 6 145 24 755 
KRHA5P 10 782 75 495 7 361 49 975 

KRHA10P 11 914 86 120 6 817 55 300 
KRHA20P 11 934 86 066 6 801 56 390 
KRHA30P 14 643 83 739 7 766 82 440 
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Figure 5: 3D DAD chromatograms of selected samples, notice the sample 

absorptivity decreasing with detector wavelength and the differences between the 
first and second peaks. 
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Figure 6: Molar weights fraction distribution as detected by DAD at 280 nm. 

 
5.3.2 DLS and Humates Hydration 
Dynamic Light Scattering investigation of the 250 mg L–1 solutions of potassium 

humates showed the presence of large dimension particles, perhaps aggregates, 
which is in line with the recent observations obtained by HRUS [58] and Diffusion 
Ordered Spectrometry of the NMR [59]. Thus, it seems that humates form 
aggregates even in diluted solutions and do not behave as common monomer 
surfactants, while they exhibit only partial amphiphilic behavior. Sizes of detected 
aggregates varied in the interval 100–500 nm which is in agreement with previous 
results of Palmer and von Wandruszka, who analyzed the IHSS standards of 
humates and fulvates and their own extracted soil humate sample [60]. 

Humate solutions presented oscillatory tendency in ultrasonic velocity (U12) as 
well as in the density (data not shown, see thesis). Humate sample hydration values 
were found between 0.45 and 0.95 grams of water per gram of humate. In such 
complicated systems like humates, both types of hydration (hydrophobic and 
hydrophilic) can be contemplated [61]. Since the concentration of samples is still 
relatively low (250 mg L–1), the hydrophobic hydration is favored as the main 
contribution to the sample hydration [61]. It is unfortunately not known, how the 
hydrophobic hydration affects the density and ultrasonic velocity. Supposing the 
degree of hydrophobic hydration similar in all of the samples, the oscillations in the 
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all observed magnitudes may be the consequence of regeneration of lignite. The 
values of hydration seems to be quite high, especially in the case of samples KHA, 
KRHA30N, KRHA40N, KRHA50N and KRHA5P and KRHA10P. They are even 
similar for example to those discovered for hyaluronan, which is being considered 
the most hydrated hydrophilic polysaccharide [52]. This can implicate the high 
porosity level in humic aggregates in liquid state, i.e. determined water in hydration 
level includes water trapped in the interior of the humic aggregate. When the 
aggregates is small and compact, determined water layer is mainly on the surface of 
the aggregate (sample KRHA65N, see MW and MN results). Increase in aggregate 
size increases the hydration layer but at certain dimension, the “cavity” effect has no 
other effect (sample KRHA30P). DLS and hydration graphs are shown in the  
Figure 7. 

 
Figure 7: Average particle diameter (as assessed by DLS) (upper chart) and 

humates hydration (black triangles) and compressibility (grey hexagons) (lower 
chart). 

 
5.3.3 Fluorescence Spectrometry 
Humate samples presented common humic fluorescence spectra with one or two 

broad maxima [62] at 200–400 nm range of excitation and 400–550 nm range of 
emission (see Figure 8). Interesting changes have been observed in the intensity, 
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which is generally lower by the regenerated samples – particularly by the samples 
from HNO3 regenerated lignite. Since the fluorescence in humics is mainly 
implicated by quinoid and semiquinoid moieties [63], these results may give 
evidence of the decrease of the quinoid content in humics with regeneration. 
However not necessarily, because the intensity and locations of EEM peaks depend 
also on the adjacent moieties, pH, ionic strength, etc. [63],[64] so lower fluorescence 
intensity may be evoked by oxidation and nitrification by the KRHA_N samples. 

 
Figure 8: Fluorescence Spectroscopy Excitation-Emission Matrices of selected 

humate samples. 
 
5.4 BIOLOGICAL ACTIVITY 
The possible influence of the regeneration of lignite on the resulting biological 

activity was assessed by a simple laboratory method. Five plants from thirty plants 
were chosen for the root length and root division measurement, since the 
experiments were conducted twice, this gave the data for 10 plants, which were 
averaged and the standard deviations were calculated in MS Excel software. For the 
mass increment, the whole set of 10 whole plants (with stem and leaves) were 
carefully weighted. The experiment was also conducted twice, but for all the 30 
plants in the container, which is resulting in the higher standard deviation (average 
was calculated from only two values), but the reliable information lies in the 
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principle, that two times 30 plants have been weighted, so the statistics is hidden in 
the fact, that the experiment was conducted for 60 plant individuals. The starch and 
protein content assessments were done similar too, for 30 whole (but dried) plants. 

The results and numbers for specific samples are and shown in the Figure 9. The 
plants grown in the humate solution presented overall higher root growth increment, 
higher mass increment (with the exception of KRHA30N, KRHA40N and 
KRHA50N) and higher root division as well as higher nutrition content (by starch 
content with the exception of KRHA40N). Plants grown in AtonikPro solution 
showed substantially shorter and less divided roots, but their main roots as well as 
the lateral roots were significantly thicker and presented the highest mass 
increments. This may be evocated by the nitrophenolate nature of AtonikPro, since it 
was mainly designed to increase the yield of crop plants [65]. The highest mass 
increment was observed by the plants grown in the mixture of 40 mg L–1 KRHA10N 
and 0.04 vol% of AtonikPro (solution 13).  

From the humic solution samples, the KRHA50N is considered as the most 
successful. Although it did not performed higher mass increment, than the control 
solution and its nutrition content were only slightly higher, it showed the highest 
root growth increment and root division. Other samples useful for the root growth 
increment and root division were the KRHA30P and KRHA20P similarly as the 
KRHA30N, KRHA20N and KRHA10N.  

As for the mass increment, most significant results were obtained from solutions 
with AtonikPro, however the samples KRHA5P, KRHA30P, KRHA20P and KHA 
showed some significant effect on the plants’ mass increase too. Interestingly, the 
samples prepared by means of HNO3 regeneration did not present positive effects on 
the mass increment, while they did on the root length and division.  

The root division was assessed by a novel method, where the root scanning was 
followed by the image science evaluation by means of HarFa software. Image 
science is now thoroughly incorporating into the biological and environmental 
sciences. In this work, the image science will bring better accuracy (over the manual 
assessment) while keeping to the quick and cheap acquisition (over to the 
microscopy methods). The images in the same resolution were thresholded to black 
(background) and white (root) images on the same level of thresholding, therefore 
the K[BW] – the fractal measure – (by means of HarFa obtained value) shows us the 
number of pixels on the black and white border, which means the root division or 
the fractal measure of the root (the more K[BW] pixels, the longer is the border 
between root and background). The highest root division (which is important for the 
plant’s nurture, anchoring in the soil and survival even at adverse conditions [26]) 
was observed on plants grown in KRHA50N, KRHA30N, KRHA30P, KRHA65N 
and KHA solutions.  

Results obtained by this simple Zea mays hydroponic test demonstrated that all of 
the tested humates exhibit positive biological activity on the plants of corn. Both 
samples with lower molecular weights (ex. KRHA50N) and higher molecular 
weights (ex. KRHA30P) were found highly positively active, including that fact, 
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that according to the both DAD (at 280 nm) and RID HPSEC chromatograms, the 
molar weight distribution by the KRHA50N sample was favored to the lower 
molecular weights moieties while by the KRHA30P sample the higher molecular 
weight fractions are more dominant. This is in line with the statements of Canellas 
[25], Zandonadi [26] or Vlčková [47], who determined already, that rather than the 
molecular weight distribution, the chemical composition and properties may be the 
driving factor of the humates growth regulation.  

 

 
Figure 9: BIOLOGICAL ACTIVITY OF HUMATE SAMPLES AND ATONIKPRO 

COMMERCIAL STIMULANT: A – Average root growth increment /for 10 selected 
roots/, B – Root division (K[BW]) /for 10 selected roots/, C – Starch (dark gray) and 
protein (light gray) content, D – Average mass increment of 30 whole plants. 
Sample solutions: 0 – control (2 mM CaCl2), 1 – AtonikPro, 2 – KHA, 3–13 
KRHA10N–KRHA30P respectively, 13 – AtonikPro+KRHA10N, 14 – AtonikPro + 
KRHA30P. 

 
5.5 TETRACYCLINE SORPTION 
From the samples LIG, HA and RLIG30N, the LIG sample (crude lignite) has 

achieved the best results in tetracycline removal from water. See thesis. 
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6  CONCLUSIONS 
 Regenerated humic acids and humates were successfully prepared, their 

modification proved by the EA and FTIR, while their yields were higher for 
the RHA_N samples, they were slightly lower for the HRA_P samples. 
Their thermal stability was slightly lower than the HA sample. 

 
 FFC NMR Relaxometry showed relaxation times of water protons in 

studied humic acids in the ranges maximally up to hundreds of 
milliseconds, therefore, the present water is considered adsorbed or 
confined. For respective humic acids, relaxation times are generally rising 
with rising concentration of applied regeneration agent. 
 

 From the physico-chemical point of view, samples of humates showed 
aggregation even in diluted solutions, therefore they are not behaving like 
common surfactants. Average particle sizes ranged from 100 to 500 nm, 
which is comparable to other humic samples, e.g. the IHSS standards. In 
non-isothermal conditions, the regenerated samples presented modified 
behavior similar to loam or soil humates. Ultrasonic velocity, density and 
therefore compressibility showed oscillatory behavior, while mainly 
hydrophobic hydration may be the driving contributor here 
 

 When analyzed using fluorescence spectrometry, the samples showed 
common humic EEM spectra with one or two maxima. The regenerated 
samples presented lower fluorescence intensity. The slight maxima shifts 
can be also ascribed to the oxidative regeneration of samples. 
 

 Employing the HPSEC, on both DAD and RID detectors the humates 
shown bimodal distributions of the first high and narrow peak ascribed to 
the long chains of aliphatic moieties, and the second broad peak of later 
retention time ascribed to the shorter chains, fragments and unsaturated 
structures. In terms of rt, both detectors responded with similar 
chromatograms. Nitric acid regeneration enhanced the both detectors signal 
responses therefore it probably brought any additional chromophores into 
the humate samples. Regeneration with HNO3 (in particular by the 
KRHA40N and KRHA65N samples) enhanced the second – broad peak of 
smaller molecular weight moieties, while regeneration with H2O2 vice 
versa 
 

 The regeneration of lignite, in further extracted humic acids, favors the 
middle sized molecular weights (30–100 kg mol–1) when performed by 
HNO3. For 40 vol% HNO3, a unique sample with enhanced both low and 
high (0–15 and > 100 kg mol–1 respectively) molar weights was obtained, 
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while in the H2O2 regenerated samples, generally the higher molecular 
weights were favored. 

 
 Simple, quick, undemanding and reliable hydroponic method for 

determination of biological activity of humates has been derived. The 
observed properties were the root growth increment (best results obtained 
with KRHA50N, KRHA30P, KRHA 20P and KRHA30N samples), the 
mass increment of the whole set of 30 whole plants (best results gained 
from the AtonikPro mixtures with humates, AtonikPro itself and KRHA5P 
sample) and the root division, where the best results were achieved by the 
KRHA50N, KRHA30N and KRHA30P samples. The mass increment is 
important for the agricultural yield, while the root growth and root division 
are crucial for the plant survival and prosperity in possible worsen 
conditions. Both lower molecular weights samples (e.g. KRHA50N) and 
higher molecular weight samples (e.g. KRHA30P) showed highly positive 
biological activity effects. In general, all of the humates presented 
beneficial effect onto the Zea mays roots and whole plants. 

 
 In this thesis, two future applications of humic materials are proposed by 

means of pilot studies. Crude lignite has shown a potential to be excellent 
sorbent for tetracycline antimicrobial, from low and environmental to high 
(manure or some accidental spills) concentrations. For these sorbent 
applications, there is no need of humic material regeneration or extraction 
of pure humic acid, since these two samples presented worse results. 
 

 Overall, this thesis successfully showed how to prepare a series of 
distinct regenerated humic acid and humate samples from one crude 
lignite material. The regeneration is the way how to at least partially 
control the resulting humate properties and tune them according to the 
future application. The regeneration reaction yields humates different 
in both physic-chemical and biological properties and with potential 
industrial or agriculture applicability. From the industrial point of 
view, the regeneration is easy to perform, and for the regeneration 
agents’ price or waste management question, they can be easily 
recycled either in the next lignite regeneration process or in some 
downcycling inorganic chemistry application, such as liquid fertilizer 
production. 
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9  THESIS ABSTRACT 
Submitted thesis deals with the humic substances, namely the humic acids and 

their salts, i.e. potassium humates. A literature review about humic substances is 
presented, the brief history of their research, their structure issues, supramolecular 
arrangement and applications. A special attempt is paid to review methods of 
extractions of humic acids from various sources. Further, the papers concerning 
biological, hormone-like properties are listed and discussed. From the environmental 
chemistry point of view mainly sorption properties are overviewed. Industrial 
applications of humics are covered by a wide range of patents and published works 
such as for instance dyes, polymer additives, etc. In experimental part, the 
regeneration of lignite and preparation of humic acids and their salts is described. 
The regeneration principle lies in the oxidation of parental lignite with a range of 
concentrations of nitric acid and hydrogen peroxide. Novel approach is presented in 
the characterization humic substances, where the chemical characteristics like 
Elemental Analysis, Fourier Transform Infra-red Spectroscopy and 
Thermogravimetry are followed by physico-chemical assessments (Dynamic Light 
Scattering, Fast Field Cycling Nuclear Magnetic Resonance Relaxometry, High 
Performace Size Exclusion Chromatography and Fluorescence Spectroscopy in 
combination with research of humates hydration by means of High Resolution 
Ultrasonic Spectrometry and Densitometry). These chemical and physico-chemical 
characteristics are put into the correlation with the biological characteristics, i.e. 
biological activity of humates, which is assessed by a slightly modified method 
based on the determination of maize root weight, length and number of lateral roots. 
Finally, the statistical approach is applied via Pearson’s correlation coefficient and 
as a pilot studies, two environmental applications of regenerated humic materials are 
designed, in the field of sorption of tetracycline antimicrobial and researching of 
regenerated lignite as a potential source of fermentable sugars. 
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