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Abstract: The composition, structure, and biological activity of humic-like substances (HLS) syn-
thesized in the process of lignosulfonate conversion for the production of the humic product
Lignohumate® (LH) were examined. It is shown that during the hydrolytic-oxidative process,
the transformation of raw material and accumulation of HLS occur. Data on the chemical (elemental
content, functional groups, FTIR) and spectral (absorbance and fluorescence) parameters and biologi-
cal activity (in phytotest) combined with PCA show that the LH samples can be divided into three
groups, depending on the duration of synthesis: initial raw material (0-time sample); “young” HLS
(15–30 min), and “mature” HLS in 45–120 min of treatment. During the first 30 min, reactions similar
to the ones that occur during lignin humification in nature take place: depolymerization, oxidative
carboxylation, and further polycondensation with the formation and accumulation of HLS. After
45–60 min, the share of HLS reaches a maximum, and its composition stabilizes. Biological activity
reaches a maximum after 45–60 min of treatment, and at that stage, the further synthesis process can
be stopped. Further processing (up to 2 h and more) does not provide any added value to the humic
product.

Keywords: Lignohumate; humic-like substances; absorbance; fluorescence; FTIR; bioassay; PCA

1. Introduction

Humic–based amendments (humic product, HP) are increasingly used in agricul-
ture [1–6] and are being currently considered as a major category of biostimulants [7,8].
HPs are manufactured by industrial companies from various humic resources (mostly
lignite, peat, and composts), as well as lignocellulose wastes [9–12]. The chemical composi-
tion and effectiveness of HPs as plant growth stimulators vary depending on the organic
matter source, extraction processes (KOH extraction for lignite, cavitation for peat, wood
bisulfite extraction for lignosulfonates, etc.), and modification technologies used to obtain
the products [13–15]. Therefore, the chemical characterization of marketed HPs combined
with the testing of their efficiency as biostimulants is a relevant, comprehensive task.

Lignosulfonate (LS), the wood-processing byproduct, is one of the possible source
organic materials for HP production. There are contradictory opinions concerning its
possible functioning as an HP. Some publications report a positive role of LS in crop
growth [16–20], whereas others consider it as a “fake” HP that can serve only as a stabilizer
of HP solutions with a minor effect on plant growth [21,22]. However, by all means, LS
is a valuable organic raw material, sharing similar properties with humic substances in
terms of an aromatic core with carboxylic and phenolic functional groups. The appropriate

Separations 2021, 8, 96. https://doi.org/10.3390/separations8070096 https://www.mdpi.com/journal/separations

https://www.mdpi.com/journal/separations
https://www.mdpi.com
https://orcid.org/0000-0003-0499-5482
https://orcid.org/0000-0002-8407-5020
https://doi.org/10.3390/separations8070096
https://doi.org/10.3390/separations8070096
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/separations8070096
https://www.mdpi.com/journal/separations
https://www.mdpi.com/article/10.3390/separations8070096?type=check_update&version=2


Separations 2021, 8, 96 2 of 13

technological treatment of LS can result in the production of qualitative HP and contribute
to the important environmental task of converting lignin-containing organic wastes [23–25].

The LTD RET Company (St-Petersburg, Russia) has developed and patented an in-
dustrial technology for the conversion of technical LS with the following synthesis of a
number of humic-like biologically active substances (HLS) [26], which finally compose the
commercial humic product Lignohumate® (LH). Their technology is based on the thermal
hydrolytic–oxidative conversion of technical lignosulfonates (LS) under high pressure. The
technical LSs are sulfonated lignins obtained during the sulfite cooking of wood [18,27,28].
Delignification in sulfite pulping involves acidic cleavage of ether bonds, which connect
many of the lignin constituents. The primary site for the ether cleavage is a carbon atom
attached to the aromatic ring of the propyl side chain [29].

The conversion of technical lignosulfonates to HLS runs under regulated and strictly
controlled conditions in continuous oxidative mode. Details of the technological process
are provided in Section 2.1. In brief, the initial LS is mixed with potassium hydroxide in
the reaction tank, and the obtained alkaline solution is processed under elevated pressure
and temperature with a constant supply of air. During the hydrolytic-oxidative process,
the transformation of LS and synthesis of HLS occurs. The final product is continuously
discharged from the reaction zone to the product tank.

The oxidation of LS by molecular oxygen in alkaline media leads to lignin decomposi-
tion and produces phenolic aldehydes, phenolic acids, and carboxylic acids [30,31]. The
oxidative cleavage of LS to aromatic aldehydes comprises alkaline hydrolysis and autoxida-
tion steps [32,33]. The alkaline hydrolysis at pH above 11 includes the retro-aldol cleavage
of benzyl alcohol-type structures containing γ-carbonyl groups [32,34]. The Cα-Cβ oxida-
tive cleavage of the propane chain in the LS structural units, the main reaction pathway
leading to the formation of aromatic aldehydes, proceeds under alkaline conditions only
(pH > 10). The role of the base consists of the partial desulfonation of LS with the formation
of unsaturated Cα-Cβ moieties (enol-, stilbene-, and diene-type structures) and ionization
of the phenoxyl, thus reducing the energetic barrier in reaction with oxygen [35]. The yield
of aromatic aldehydes is affected by temperature (>120 ◦C) and oxygen partial pressure
(>1 bar) [36,37].

In turn, the monomeric phenolic products of LS decomposition in alkaline media are
subjected to further condensation via radical coupling [25,32]. Considering the presence
of residual carbohydrates and a minor amount of residual amino acids in technical LS,
this process can be conventionally regarded as an imitation of the evolutionary process of
natural lignin transformation and/or humification, accelerated hundreds of thousands of
times. It considers only the chemical (abiotic) factors of transformation of lignin-containing
organic matter; therefore, it is free of metabolization, and most of the carbon ends up as
HLS or is released as gases.

Thus, depending on the technological regimes used in LH production (alkali content,
changes in temperature, pressure, oxidation rate, and time), the composition and properties
of the obtained final product can be different. The yield and biological activity of the
synthesized HLS can also change with the course of the technological process.

Therefore, the technology is constantly being updated and improved to achieve the
highest yield and quality of the humic product. The obtained various LH formulations
have been widely tested both in terms of chemical and spectral properties [9,38–41] and
as plant growth stimulators and soil conditioners on various crops and environmental
conditions [42–44].

In this study, we focused on the possibility of changing the composition of the syn-
thesized humic-like biologically active formulations of LH, based on changing only one
of the technological parameters of the process: the duration of synthesis. Attempts to
characterize the quality of marketed HP using the structure-property relationships are
numerous [14,45–47] but not very successful up to now. Due to the fact that biostimulants
improve plant productivity due to emergent properties, but not as a sole consequence of
the presence of known compounds [48–50], the total content of humic substances, as well
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as their certain molecular features, often do not correlate well with the test-responses in
bioassays. Therefore, besides the chemical parameters of LH, we selected plant growth
promotion as the basic criteria to evaluate the quality of LH formulations as a function of
synthesis time.

The objectives of the study are: (1) to characterize the chemical composition and
biological activity of the product (LH) in several samples taken at different times during the
technological process; (2) to reveal qualitative differences in LH composition as a function
of time and to determine the optimal duration of the process for obtaining a high-quality
humic product.

2. Materials and Methods
2.1. Technological Process and Sampling

LH is produced by liquid-phase oxidation of the mixture of an alkaline agent (potas-
sium hydroxide) with a lignin-containing plant raw material having a total content of
dry matter of 12–20% (the by-product of cellulose production by a sulfite process, i.e.,
concentrated solution of technical LS). The oxidation is conducted in two stages. In the
first stage, pre-oxidation is conducted at a temperature of 50–190 ◦C and a pressure of
0.5–3 MPa associated with the simultaneous treatment with an oxygen-containing gas until
a pH of 10.5–12 is reached. The second stage, i.e., oxidation, is performed under similar
conditions at a temperature of 170–200 ◦C until a pH of 8.5–10 is reached [26].

Initial LS in an amount of 100 kg is diluted in 250 L of water and mixed with 12 kg
(30% of the mass of organic substances) of KOH diluted in 50 L of water. The mixture is
heated in a heat exchanger to a temperature of 180 ◦C and charged by a dosing pump,
through the heat exchanger, to a pre-oxidation reactor through which air is bubbled under
a pressure of 2.0 MPa, at a specific flow rate of up to 20–30 nm3 m−3. On reaching a pH of
11, the mass is fed to an oxidation reactor where a temperature of 180 ◦C is maintained,
through which air bubbling is provided at a specific flow rate of 40–50 nm3 m−3, and a
pressure of 2.5 MPa is maintained. After a pH of 9.6 is reached, the mass is supplied to a
heat exchanger, where it is cooled down to 70 ◦C and then discharged to the final product
tank through adjustable shut-off valves.

Samples were taken during the industrial process of LH manufacturing on the LTD
RET facility. For the study, we used samples of the initial raw material (LS, 0 min) and
samples of LH, taken from the heated working mixture at certain time intervals from the
start of the oxidation process: at 15, 30, 45, 60, and 120 min and after a forced two-hour
exposure without oxygen supply (conservation; >120 min).

2.2. Chemical Analyses

Liquid LH samples were dried at 105 ◦C in a vacuum dryer and analyzed for dry
matter (DM) content. Organic matter (OM) and ash content were determined after the
ignition of DM in a muffle furnace at 900 ◦C up to constant weight (at least 8 h).

The CHNS contents of the dried samples were analyzed using a «Carlo Erba» ana-
lyzer. The O content was determined by difference. The total acidity of the samples was
determined by the Ba (OH)2 method [51]. The extraction and separation of the humic-like
fraction (HLF) was performed using an operational methodology. To obtain solutions
uniformed by C content and pH, we used the data on DM and C contents in the samples.
We took appropriate aliquots of the liquid samples, brought them to pH 12 by adding 0.1 M
NaOH, acidified them to pH 1–2 by adding 10% HCl, and heated them in a boiling water
bath (40 min). After settling, the precipitated HLS were separated by centrifugation and
dried to constant weight in a vacuum dryer. The content of the acid-soluble fulvic-like
fraction (FLF) was calculated by the difference between OM and HLF.

2.3. UV-Vis Absorption and Fluorescence

Both absorption and fluorescence spectral measurements were made at room temper-
ature for the liquid samples of LS and LH, diluted 104 times, and placed in quartz cuvettes
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with a 1 cm optical path length and a 5 mL volume. Absorption spectra were measured
with a photometer Solar PB2201 against distilled water.

Fluorescence emission spectra were recorded by a luminescence spectrometer Solar
CM 2203 under excitation at 270, 310, and 355 nm. The choice of excitation wavelengths
was based on our previous reports on LH fluorescence [52] and the chromatographic
fluorescent components of dissolved organic matter in natural water [53]. Fluorescence
emission spectra were corrected for the possible “inner-filter” effect using absorbance data.

2.4. FTIR Spectra

Dried LH samples (1 mg) were homogenized in an agate mortar and mixed with oven-
dried KBr of analytical quality (300 mg). The pellets were pressed with a hydraulic pellet
press CrushIR. The infrared spectra were recorded using the KBr-technique and a FTIR-
spectrophotometer Tenzor 27 (Bruker Optics) equipped with a Smart Miracle Si crystal
attenuated total reflectance (ATR) accessory and a DTGS KBr detector in the wavenumber
range 4000–500 cm−1. Spectra analyses involving atmospheric suppression, advanced ATR
correction, and baseline correction were performed using the Opus 7.0 software.

2.5. Plant Growth Bioassay

The biological activity of the LH samples was evaluated in laboratory phytotests as an
increment of oven-dry biomass of shoots and roots of radish Raphanus sativus (var. Nota).
Radish seeds (50 ps) were placed in a sterile Petri dish on two layers of filter paper, and
7 mL of 0.02% solutions of LH samples were poured. In the control, distilled water was
used. Seeds were germinated in a thermostat at 23 ◦C in the dark. On the 5th day of the
exposition, the roots and shoots of seedlings were separated from the empty cotyledons,
dried in pre-calibrated weighing cups at 105 ◦C, and weighted. All bioassays were done in
triplicate, an ANOVA was conducted to determine statistical differences; the means were
compared by the post hoc Fisher’s least significance test.

2.6. Statistical Analysis

The Principal Component Analysis (PCA) was conducted considering the following
variables: pH; DM (g L−1), OM (% DM); HLF (% OM); S (%); atomic ratios; total acidity
(meq g−1); absorption of phenolic moieties at 285 nm, normalized by OM content; fluo-
rescence intensity at 315 nm (phenolic fluorescence at excitation wavelength 235 nm) and
400 nm (humic-like fluorescence exited at 235 nm); as well as root biomass.

3. Results
3.1. Composition of HLS: Elemental Content and Functional Groups

From the beginning of the oxidation, a permanent transformation of OM and synthesis
of the HLS take place. The main chemical parameters are reported in Table 1. The initial raw
material had a pH of 5.2, and after mixing with alkali, it rose to 11–12 (working solution,
data not shown) and then subsequently gradually decreased to 8–9 during the oxidation
process. At the same time, in the course of the oxidation process, a gradual synthesis of
HLF occurs: the share of HLF in OM was constantly increasing from 30% after 15 min, up
to 75% after 2 h (Table 1).
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Table 1. Characterization of LH samples at different synthesis time.

% to DM % to
OM w% Ash Free Basis Total Acidity,

meq g−1
Sample pH DM, % Ash OM HLF C H N S O

LS 5.21 42.9 22.1 77.9 NA * 55.5 7.3 0.9 9.6 26.7 1.048
15 min 10.12 26.6 36.3 63.7 30.2 57.9 4.4 0.5 10.5 26.6 0.210
30 min 9.18 26.4 39.1 60.9 51.9 60.0 4.5 0.7 12.1 22.8 0.293
45 min 9.01 26.4 39.3 60.7 57.5 60.6 5.1 0.8 11.5 22.0 0.677
60 min 8.69 25.9 36.9 63.1 62.9 57.2 5.1 0.8 9.3 27.6 0.612
120 min 8.27 24.8 40.0 60.0 75.0 58.9 5.3 1.1 12.5 22.2 0.643

>120 min 8.09 21.7 37.7 62.3 71.2 57.3 5.1 0.9 11.9 24.7 0.650

* Not applicable.

The C content in the initial LS was 56% and increased to 61% during the first 45 min
of oxidation. This fact indicates the formation of more condensed organic compounds.
After 60 min, the C content stabilized at a level of 57–58%, which can be interpreted as the
formation of stable products of a certain composition. The content of N did not change
significantly, being at a level of about 0.5–1%. Sulfur, the essential element in LS, varied
within 9–12%.

The dynamics of the OM composition of the samples are clearly traced in the diagram
of atomic ratios (Figure 1). The raw material significantly differed from the LH samples
in the widest H/C ratio, probably due to the presence of aliphatic moieties. At the initial
stage of oxidation, there is a drastic decrease in H/C and a slight decrease in O/C. The
latter continues to decrease up to 45 min, but at 60 min, secondary oxygen enrichment is
observed, probably due to oxidation. The low O/C ratio in the LH samples is consistent
with the low acidity (Table 1). During the first 30 min it drastically dropped from 1 to
0.2–0.3 meq g−1, and then after 45 min it slightly raised again, most probably due to
oxidative carboxylation during treatment.
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3.2. UV-Vis Absorption and Fluorescence

The absorption properties of untreated LS also differed from that of the processed LH
samples (Figure 2a). The initial LS is a yellowish solution with the lowest absorbance, a
local maximum peak at 285 nm, and a shoulder at 235 nm, which indicates the presence
of phenolic compounds. With the increase in the treatment duration (oxidation time) up
to 60 min, the absorption drastically increases, whereas the shoulder at 235 nm vanishes,
and the intensity of the peak at 285 nm becomes less pronounced. With further treatment
(120 min), a slight decrease is observed again. Most probably, first, a decrease in low-
molecular phenolic compounds due to polycondensation and synthesis of the HLS with an
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increased degree in aromatic condensation occurs, and then the latter is further oxidized
and degraded.
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To extract more information from the absorption spectra, we calculated the absorbance
ratios, which are not dependent on LS concentration and therefore can be used for sample
characterization during technological processing with possible concentration alteration.
The D270/400 characterizes the proportion of phenolic/quinoid core and simpler carboxylic
aromatic compounds [54], and D280/472 reflects the proportion between the lignins and
other materials at the beginning of humification [55,56]. To avoid mistakes caused by
low absorption values in the visible region, we calculated the reciprocal values D400/270
and D472/280 (Figure 2b). The observed increase in absorbance ratios D400/270 and D472/280
(Figure 2b) demonstrates the presence of more complex chromophores such as charge trans-
fer complexes, quinoid and semi-quinoid arrangements, and aromatic and/or heterocyclic
zwitterions (aminochrome), etc. [57], absorbing light at longer wavelengths, in the visible
spectral region. Thus, these two indices can indicate changes in the proportions of non-
humified and humified material during treatment. Both ratios drastically increased during
the first 60 min, then slowly stabilized (Figure 2b). This fact can support the consideration
that after 60 min of synthesis, the stable HLS are formed.

Fluorescence spectra of all samples upon excitation at λex = 235, 270, and 310 showed
two overlapping emission bands: with a maximum at 315 nm (phenolic fluorescence)
and within 400–420 nm (humic-like fluorescence) (Figure 3). The intensity ratio of those
bands has been drastically changed during the technological processing; after 15 min of
treatment, the UV emission band peaked at 320 nm (excited at 235 nm) became prevailed
in the spectra, and the maximum of the blue band shifted from 400 to 420 nm. This makes
it possible to distinguish the untreated and treated LH samples even at a short duration of
the process. This knowledge will help to determine the optimum duration of the process
for obtaining a high-quality humic product.
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3.3. FTIR-Spectra

The FTIR analysis was performed to evaluate the main chemical attributes of initial
LS and LH at different treatment times. The attributions of the main peaks were mainly
obtained from references [15,29,58,59].

In the FTIR spectra of all samples studied, there are characteristic absorption bands
of the aliphatic C-H bond at 2940 cm−1 and (less pronounced) at 2840 cm−1. The main
absorption bands of functional groups were observed in the region between 1800 and
900 cm−1 (Figure 4). A weak band at 1717 cm−1 originated from the C=O stretching vibra-
tions of carboxylic groups was observed only in LS. The pronounced bands at 1605 cm−1

and 1511 cm−1 were assigned to aromatic C=C stretching vibrations.
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Figure 4. FTIR-spectra of LH, sampled at different processing time.

The band at 1465 cm−1 was due to the C-H deformation of aliphatic -CH3 and -CH2
groups. A band at 1422 cm−1 can be assigned to the C-H deformation in lignin and/or
carbohydrates, whereas a band at 1265 cm−1 was due to the guaiacyl ring breathing, C-O
stretch in lignin. A band at 1213 cm−1 belonged to the syringyl ring and C-O stretch in
lignin, and a double band at 1143 and 1169 cm−1 to binding vibrations in the aliphatic



Separations 2021, 8, 96 8 of 13

C-OH. The sharp signal at 1040 cm−1 is most probably originated from the SO3H group
vibrations and was observed in all samples.

3.4. Bioassay

All the LH samples exhibited certain biological activity on plants (Figure 5). Dry
shoots biomass showed insignificant differences (p > 0.05), whether root biomass signif-
icantly (p < 0.01) increased and after 30 min provided a 17–24% increment. The highest
growth promotion effect was recorded for the 60 min-sample. Noteworthy that the sample
with the highest content of HLF (120 min) showed lower stimulation of seedlings. The
probable reason could be the amount and composition of FLF, which contained non-humic
compounds (carbohydrates, low molecular weight organic acids), and some of them could
be biologically active. Finally, the biological activity of LH could be determined by the
emergent properties of the HLS rather than by the quantity and structure of HLF.
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4. Discussion
4.1. Overview of Results

The obtained data show that during the hydrolytic oxidation, the substantial transfor-
mation of LS and synthesis of HLS occur. The initial LS is an acid solution (pH about 5),
containing 78% of OM consisting of non-humic lignin-originated substances (Table 1). The
C content of 55%, H/C ratio of 1.6, and O/C of 0.4 are typical for lignins [60] (Table 1 and
Figure 1). The total acidity of 1 meq g−1 is probably mostly determined by sulfonic acid
groups [23], which are also detected by FTIR as an intensive peak at 1040 cm−1 (Figure 4).
The shoulder at 235 nm and peak at 285 nm on the absorption spectra (Figure 2a) and
the high intensity of fluorescence emission at 315 nm (Figure 3), prove the presence of
low-molecular phenolic units [45–48]. In bioassay, LS did not provide any significant
promotion of plant growth (Figure 5).

During treatment, all these parameters change. Thus, the content of HLS gradually
increases and reaches the maximum (75%) after 2 h of treatment (Table 1). Further treatment
does not provide a higher yield in HLS. In contrast, it decreases due to decomposition.

After mixing with alkali, the pH first drastically raises from 5 to 10 during the first
15 min and then gradually goes down to pH 9–8 (Table 1). This fact, along with the
dynamics of total acidity (a drop in the first 30 min and an increase from 45 min) (Table 1),
indicates the process of oxidative carboxylation, similar to the one that occurs during the
humification of lignin in nature [61,62]. As shown on the atomic ratio diagram (Figure 1),
H/C ratios decrease from 1.6 to 0.9–1 during 45 min, then slightly go up. This fact also
supports the consideration that lignin moieties first transform into more condensed units
and then decompose.
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Thus, the combination of chemical and spectral data allows concluding that during the
thermal hydrolytic-oxidative conversion of LS, processes similar to natural humification
occur. Namely, oxidative carboxylation, demetoxilation, and polycondensation. After
45–60 min of processing due to continuous oxidation, the new-formed HLS are subjected
to decomposition.

The biological activity of the LH samples of different treatment times generally follows
the trend of HLF accumulation (Figure 5). However, the highest plant growth stimulation
ability was observed not for the sample with the highest HLF content (at 120 min) but the
one at 60 min. This indicates that either the quality (in other words, chemical structure) of
HLS drastically changed after 60 min or that the non-humic FLF (containing carbohydrates,
low molecular weight organic acids, and minor residual amino acids) also brings a valuable
contribution to the manifestation of biological activity. As a biostimulant, LH can promote
plant growth due to the complex emergent properties of the whole product rather than by
the quantity and structure of HLF.

4.2. Identification of Differences in LH Originated HLS Using Principal Component Analysis

To reveal more accurately the differences in properties and activity of LH as a function
of time, we performed principal component analyses (PCA). It enabled us to reveal and
generalize the regularities in the changing chemical and spectral properties of the newly
formed HLS, depending on synthesis duration.

The PCA yielded two principal components (PC) with eigenvalues of more than one
and are responsible for 87% of the total variance of the experimental data (Table 2). PC1
explains 66% of the total variance and shows strong loadings for most of the variables: pH;
DM, OM, HLF, H/C, O/C, the intensity of humic and phenolic fluorescence, absorbance at
285 nm, and the root biomass. PC2 explains 23% of the total variances and shows strong
loading for acidity and C/N. Thus, the largest contribution (with the loading of more than
0.7) to factor 2 is made by functional groups and the C/N ratio, whereas all other variables
contribute to factor 1.

Table 2. Factor coordinates of the variables, based on correlations.

Variable Factor 1 Factor 2

pH 0.812 −0.566
DM, g L−1 −0.960 0.038
OM, % DM −0.990 0.062
HLF, % OM 0.747 0.652

S,% 0.592 0.132
H/C −0.892 0.445
O/C −0.781 −0.337
C/N 0.094 −0.988

Total acidity, meq g−1 −0.627 0.746
IF phen (λex 270) −0.892 −0.420
IF hum (λex 270) −0.987 0.137
Absorbance D285 0.931 0.063

Roots, mg 0.826 0.468

Eigenvalue 8.59 3.03
% Total variance 66.11 23.31
Cumulative % 66.11 89.42

The PCA plot (Figure 6) shows that LH samples can be divided into three groups, de-
pending on the duration of the technological process of HLS synthesis: initial raw material
(0-time sample); HLS of 15–30 min, and HLS after 45 min of oxidation. The differences
within the samples taken after 45–120 min and more are insignificant. This allows conclud-
ing that at these two periods, the samples undergo significant qualitative changes. At the
first stage, the decomposition of initial raw material and “artificial humification” resulting
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in a synthesis of newly formed HLS occur. At the second stage, the composition of HLS is
getting stable, although, to some extent, they are subjected to secondary decomposition.
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5. Conclusions

Already from the beginning of the oxidation process, a transformation of initial LS
and synthesis of HLS occur. During the first 15–30 min, the content of HLF, elemental
composition, total acidity, absorption and fluorescence parameters, and the character of
FTIR spectra begin to change. The complex of obtained analytical data indicates that at
this stage of the technological process, the reactions are similar to those occurring during
lignin humification in nature: depolymerization, oxidative carboxylation, and further
polycondensation with the formation and accumulation of HLS.

At the second stage, after 45–60 min, the content of HLS reaches a maximum, and its
composition stabilizes. However, due to continuous oxidation, the new-formed HLS are
subjected to decomposition.

The biological activity, one of the main quality indicators of the final product, reaches a
maximum in samples of 45–60 min, before the maximum for HLF (120 min). This indicates
that other active compounds, probably low-molecular non-humic substances present in
LH, also affect the manifestation of biological activity.

In terms of humic product quality, the obtained set of data shows that the technological
process of oxidation/synthesis can be stopped after 60 min. At this stage, LH accumulates
the HLS with an aromatic core, carboxylic and phenolic functional groups and showing
the highest biological activity. Further processing (up to 2 h and more) does not provide
any added value to the product.
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