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Abstract: A two-year pot experiment was set up to determine the ability of Actosol (Act) to im-
prove soil properties and maize yields. The Act effects were compared to those of manure, nitro-
gen/phosphorus/potassium (NPK) and an additive-free control (Ctr). After years 1 and 2, the pH,
sorption properties, total carbon (TC), total N (TN), available P and K contents, dehydrogenase activ-
ity (DHA), residuum (Re) and humic acids (HAs) were measured in coarse- and medium-textured
soils. Maize yield, N, P and K were also quantified. The plant element uptake and soil quality
index (SQI) were calculated. In both soil types, the Act increased the DHA, cation exchange capacity,
bioavailable K, P, TC, TN, C HAs and C Re in the soils compared to the Ctr. The maize yield, K and P
contents and their uptake by the maize increased in both soil types after Act application. The SQI
increased by >50% with a single dose (Act1), almost doubling with a double dose (Act2) compared to
the Ctr. With Actl and Act2, the P and K uptake increased several-fold. The soil properties and maize
yield after using Act demonstrated its utility in improving soil organic matter and maize growth and
in disposing of waste.

Keywords: coarse- and medium-textured soils; humic acid containing waste; actosol; 2-year pot
experiment; K and P uptake

1. Introduction

The main source of energy in many countries, including Poland, is coal combustion,
which, apart from causing air pollution, generates large amounts of waste. In recent
decades, the use of lignite has increased, resulting in the necessity to store its useless,
fine-grained fraction, which has a low energy value, making its combustion economically
unprofitable [1,2].

Acidic and low in organic-matter (OM) content, coarse-grained soils constitute a large
share of the arable lands in the world. The soil OM (SOM) content is gradually reduced
in such soils, as a result of leaching or mineralisation. Therefore, the search for additives
to increase the SOM content and soil sorption capacity has become a leading task in both
the fields of agriculture and environmental protection [3-5]. One source of external OM
is lignite, especially its low-energy varieties, which can be used in agriculture as a soil
amendment, and as a substrate for greenhouse and hydroponic crops [4-6]. Lignite may be
a more valuable soil amendment than farmyard manure (FYM) or compost, as it contains
much higher amounts of humic acids (HAs), at about 45%, and fulvic acids (FAs), at about
12%, while FYM only contains about 5% HAs and 15% FAs [4,7]. In addition, in order
to decrease greenhouse gas emissions (mainly methane), livestock reduction has been
recommended, which results in the lowered production and use of FYM [8]. For these
reasons, lignite provides opportunities for soil improvement, as well as an increase in
carbon (C) sequestration in order to mitigate climate change [9].
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Maize is one of the most important crops in the world due to its different uses, and,
in terms of area of cultivation, it ranks second only to wheat [3]. Both the grain and
aboveground parts of maize are used as a raw material for silage, as well as for biofuel
(ethanol, biogas) production [10]. In the last 20 years, there has been a systematic increase
in the global area of maize cultivation to over 1 million ha [11,12]. Increasing maize
yields, especially when cultivated on poor soils, has become an important task from an
economic perspective.

The beneficial effect of HAs from various materials, including lignite, on the physical,
chemical and biological properties of soils has already been proved under dry-climate
and alkaline-soil conditions [5,6,13,14], and the stimulating effect of HAs on natural, yield-
forming physiological processes in plants has also been demonstrated [15-18]. Following
the application of Actosol (Act), higher growth rates and improvements in the yield quality
of chamaedorea seifrizii [19], wheat [20] and olive trees [21] have been observed. There have
also been studies showing that the application of humic substances increases phosphorus (P)
availability in soils under wheat cultivation [22], improve enzyme activity under different
herb plantations [23] and enhance the organic C content and OM quality under celery
cultivation [24]. However, only a few studies have addressed the effect of lignite-waste
liquid extracts, applied in different doses, on soils and maize biomass yields in acidic soils
with different textures. To fill this gap in our knowledge, we aimed to determine the effect
of lignite extract (Act) application on selected parameters of the maize and biomass yield of
coarse- and medium-textured soils. We hypothesised that the beneficial effects of HAs on
the soil properties and biomass yield would be the same, or even greater, than the effect of
conventional fertilisers, such as FYM or nitrogen/P/potassium (NPK). The soil properties
and biomass yield were evaluated after the first and second years of maize harvesting.
Three indices were calculated—-the uptake of N, P and K, to estimate the capacity of the
soils to supply the plants with these elements, and the soil quality index (SQI), to compare
the quality of the soils that were treated with the soil amendments.

2. Materials and Methods
2.1. Characteristics of the Organic Products Introduced into the Soils

In the experiment, two organic soil amendments were used:

- acommercial liquid soil additive—Act (Actosol®®, produced by Arctech Inc., Chan-
tilly, VA, USA) [25], which is produced from fine-grained lignite waste. This had a pH
in K chloride (KCI) of 7.6 and contained 49.3% C as total C (TC), 6% HAs, 0.4% N, 1.5%
K (in the form of potassium oxide [K;O]), 0.08% P (in the form of P pentoxide [P,Os]),
0.07% magnesium (Mg), 0.08% calcium (Ca) and small amounts of microelements and
FAs; and

- apig FYM, applied in solid form after being stored for six months on a manure plate.
This had a pH in KClI of 6.2 and contained 47.3% C, 4.8% HAs, 0.51% N, 0.68% K (as
K70), 0.44% P (as P,0Os), 0.10% Mg, 0.31% Ca and a small number of microelements.
All the values are expressed as a percentage of the total solid dry mass.

2.2. Establishment of the Pot Experiment

The pot experiment was carried out in a greenhouse (with natural light and without
heating) at the University of Agriculture in Krakow, Poland. The experiment was conducted
over two growing periods (from the beginning of May to the end of July). The experiment
was set up using two soil types with different textures—-a coarse-textured (loamy sand)
dystric Cambisol and a medium-textured (silt) haplic Luvisol [26]. Both soils were taken
from arable fields, from a depth of 0-20 cm, air-dried and sieved through a 2-mm mesh. The
pot experiment consisted of five treatments prepared from each soil. In order to prepare
the treatments, the soils were manually mixed with the additives.

The following treatments were administered: (1) an additive-free control (Ctr); (2) NPK
mineral fertilisation; (3) FYM supplemented with K and P; (4) NPK plus a single dose of Act
(Actl); and (5) NPK plus a double dose of Act (Act2). Before setting up the experiment, 0.5 g
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N, 0.3 g P and 1.2 g K pot~! were introduced into the soil of the fertilised treatments. The
doses of NPK, FYM and Act were calculated so that the same amount of N was introduced
into each pot. The FYM provided 6.2 g HAs per pot. The Actl dose contained an amount of
HAs equal to their amount in the FYM, whereas Act2 contained double the amount of HAs
compared to the FYM (12.4 g). The N added to the soil fertilised with mineral salts was in
the form of ammonium nitrate (NH4NO3) solution. The P and K were introduced into the
fertilised soil in solutions of monocalcium phosphate monohydrate [Ca(H,PO4),-H,O] and
KCl salts. After being mixed with the additives, the soil was equilibrated for seven days.
Before the second growing period, NPK fertilisation was applied in the same doses as prior
to the experiment being set up. The NPK was introduced into all fertilising treatments
(except the Ctr) in the same doses as the mineral background in order to emphasise any
differences between the treatments resulting from the effects of the additives introduced in
the first year.

The soil moisture during the growing period was kept at 60% of the maximum soil
water capacity. In between the growing periods, the soil moisture was reduced to 20% and
the pots were covered with paper. The experiment was carried out in six replications (1 = 6)
in a randomised block design. There were 60 pots in total, 30 containing coarse- and 30
containing medium-textured soil. In order to reduce the edge effect, 36 additional pots
were placed around the experimental ones.

The pots were filled with the prepared soil (5 kg d.m. per pot). The pots were 25 cm
in diameter and 37 cm high. Each pot had four holes in the bottom and was placed on a
stand so the leachate could be collected and poured back into the pot. After each growing
period, soil samples (50 g from each pot) were collected. Before the second growing period,
the soil from the six pots undergoing the same treatment was mixed together and placed
back in the pots. During the experiment, the soil in the pots was not replenished to its
primary weight.

The tested plant was maize (zea mays L. var. Bejm, FAO 230-240), cultivated for silage.
In each year of the experiment, seven grains were sown in each pot. After sprouting, the
number of plants was reduced to five in each pot. After each growing period, the plants
were harvested in the 9th-leaf phase. The adhering soil was removed with precision from
the roots, which were then gently washed in distilled water. The plants were divided
into shoots and roots. The shoots and roots from each pot were dried separately. After
harvesting, the roots and aboveground parts of the maize were dried in a dryer at 70 °C.
The roots were dried for 24 h and the aboveground parts for 48 h.

2.3. Soil Physicochemical and Biochemical Analyses

The textures of the soils used in the experiment were classified according to World
Reference Base [26] recommendations. pH values were measured in 1 M KCl using the
potentiometric method at a soil:solution ratio of 1:2.5. The exchangeable Ca%*, Mg?*,
sodium (Na*) and K* cations were extracted using 1 M ammonium chloride (NH4Cl) [27].
The hydrolytic acidity (Hh) was established in 1 M Ca acetate [Ca(CH3COO);] by titration
with 0.1 M Na hydroxide (NaOH) [28]. The available P and K were extracted according to
the modified Egner’s method, using a 0.03-M acetic acid (CHzCOOH) buffered solution [29].
The concentrations of CaZ*, Mg2+, K* and Na*, and the available P and K, were assessed
using inductively coupled plasma-optical emission spectrometry (ICP-OES, PerkinElmer
Optima 7300 DV, Canada), with a multi-element ICP-IV Merck solution used as the standard.
The accuracy of the analytical methods was verified using GSS-8-certified reference material
(GBW 07408, State Bureau of Metrology, Beijing, China).

Fractionation of the SOM was preceded by the isolation of the residuum (Re) from
the heavier fraction, using Na iodide (Nal) with a density of 1.8 g cm 3 [30]. The HAs
were separated from the heavy fraction based on their property to dissolve in the alkaline
aqueous solution (0.1 M NaOH) used as an extractant [31]. The C in the SOM fraction, HAs
(CHAs) and Re (CRe), and the TC and total N (TN) concentrations were determined using
an automatic CNS analyser (Elementar Vario MAX Cube, Germany).
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The dehydrogenase activity (DHA) was determined following the incubation of the
samples with a 2,3,5-triphenyltetrazolium chloride solution used as the substrate for 24 h at
37 °C. The intensity of colouration was measured using a Shimadzu UV-1800 spectropho-
tometer at a wavelength of 450 nm [32].

The sum of the determined cations (BC) was calculated:

BC = Ca®" + Mg?* + K" + Na* [mmol(+)-kg '] 1)
BC and Hh were used for CEC calculation:
CEC = BC + Hh [mmol(+)-kg '] ()

The effect of the application of NPK, FYM and Act on the soil parameters and biomass
yields in comparison to the Ctr was calculated according to the formula [33]:

mean of NPK, FYM, Act — mean of Ctr
mean of Ctr

Change = ( ) -100 [%] ©)]

2.4. Plant Analyses and Calculations of the Elemental Uptake

After determining the plant dry-matter yield, the material was ground to prepare the
samples for the determination of the N, P and K contents. The N content was determined
by the Kjeldahl method on a Kjeltec 2300 (FOSS) apparatus. The P and K contents was
determined using ICP-OES on a Perkin Elmer Optima 7300 DV apparatus. The material
was mineralised in a muffle furnace (8 h, 450 °C), evaporated using a hydrochloric acid
(HC) solution, and the remains were dissolved in a nitric acid (HNO3) solution [28]. The
uptake of each particular element was calculated by multiplying the amount of yield by
the element content in that yield.

2.5. Statistical Analyses

The statistical calculations were performed using Statistica PL v.13 software [34]. The
means and standard deviations were computed in order to present the general charac-
teristics of the soil and plant properties. The significance of the differences between the
means was estimated using the Bonferoni test (p < 0.05). Correlations between selected soil
parameters were calculated using a Pearson test, significant at p < 0.05.

Soil parameters and their weighting factors were selected for the calculation of the
SQI using principal component analysis (PCA). Prior to the PCA, the normal distribution
of the variables (Shapiro-Wilk test) and the homogeneity of variance (Levene test) were
checked. In cases where the distribution data were not normal, log transformation was
used to normalise the data. When the variables were highly correlated, the variable with
the highest loading factor was selected.

In order to determine similarities between the soils studied, a hierarchical cluster
analysis was employed, using the Ward method, which included pH, Ca?*, Mg?*, Na*, K*,
available P, K, DHA, TC, TN, CHAs, CRe and the N, P and K contents in maize.

2.6. Soil Quality Index Calculation

The SQI was calculated based on Masto et al. [35] and Sinha et al. [36], according to
the Equation:
501 — Yo, wiSi )
n
where w is the load factor of the soil parameters selected as a result of the PCA within a
given factor and S is the soil property score, calculated in order to convert the real individual
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soil property values into a score defined by a sigmoidal curve, which had one asymptote
going to 1 and the other going to 0. A score was calculated according to the Equation:

_ a
1+ ()

where x is the value of the soil property, a reflects the maximum value (2 = 1.0), x is the
average value of each soil parameter and b is the value of the equation slope.

S b ®)

3. Results
3.1. Basic Soil Properties

The properties of the soils prior to the experiment are presented in Table 1. They have
been described in detail in previous publications [24,37].

Table 1. Soil characteristics before establishing the experiment.

Texture

Sand Silt Clay pH TN TC? CHAs 3 Cre* CEC*® K¢ P’ DHA
% % mmol(+)-kg~! mg-kg~! ugTPF-g~1.24h~1
Coarse-textured soil
77 20 3 5.1 0.093 0.99 0.19 0.096 50.1 154.9 191.6 61.8
Medium-textured soil

35 51 14 5.4 0.086 0.98 0.14 0.088 65.3 276.1 160.3 97.1
I_total nitrogen, 2_total carbon, 3—carbon of humic acids, *~carbon of residuum, >—cation exchange capacity,(’—
available K, “~available P, 8-dehydrogenase activity.

At the end of the first growing period, the pH values measured in the coarse-textured
soil ranged from 4.6 (NPK) to 5.4 (Act2), and in the medium-textured soil, they ranged
from 4.8 (NPK) to 5.4 (Act2). In both soils and years, with Act2, increases in pH of about
10% in relation to the Ctr and 12% in relation to the NPK were recorded (Table 2).

Table 2. Values of pH, content of TC and TN (mean =+ SD *) in soils after the first and second years of
the experiment.
Coarse Textured Soil
1 year 2 years
pH TC TN pH TC ™
Y% Y%

Ctr 49b* 401 0.892 £ 0.05 0.080 # £ 0.005 49b 4+ 0.0 0.922 £ 0.02 0.062 4+ 0.005
NPK 462 +0.1 1.01° +0.03 0.079  + 0.009 472400 1.01° +0.06 0.104° 4 0.004
FYM 50°+0.1 1.03" £ 0.05 0.086 * + 0.008 5.0 +0.0 1.06° +0.04 0.110® + 0.005
Actl 50401 1.06° £ 0.03 0.083 @ & 0.008 5.0° £0.0 1.04° +0.04 0.117° £ 0.003
Act2 54¢+0.0 1.08 P 4 0.05 0.099 " + 0.004 53¢+0.1 1.16 € + 0.05 0.137 € £ 0.006

Medium-textured soil
1 year 2 years
pH TC TN pH TC N
% %

Ctr 50° +0.0 0922 +0.01 0.083 2 £+ 0.005 49° +00 0.922 +0.04 0.064 2 4+ 0.009
NPK 482 4+0.1 0.942b 4+ 0.02 0.086 2 £ 0.002 482 4+0.0 0.952 £+ 0.04 0.095 b + 0.005
FYM 53¢+£00 0.972b 4+ 0.02 0.0852 £+ 0.007 51¢+0.0 1.05° +0.03 0.096 ¢ + 0.005
Actl 51°+0.0 0.96 % + 0.06 0.084 2 + 0.006 5.1°¢+0.0 1.03° +0.02 0.094° 4 0.006
Act2 54¢+0.1 1.05° +0.03 0.093 2 £ 0.006 544400 1.12¢ 4+ 0.03 0.106 © £ 0.004

* SD-standard deviation. ** statistically significant differences between treatments (Ctr, NPK, FYM, Actl, Act2)
separate for coarse- and medium-textured soils are marked with different letters (« < 0.05).
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The TC content in the coarse-textured soil ranged from 0.89 (Ctr) to 1.08% (Act2) after
the first growing period, and from 0.92 (Ctr) to 1.16% (Act2) after the second year of the
experiment. In the medium-textured soil, the TC varied from 0.92 (Ctr) to 1.05% (Act2) at
the end of the first growing period, and from 0.92 (Ctr) to 1.12% (Act2) at the end of the
second growing period. Regardless of the dose, the TC content after Act application was
generally higher than in the Ctr. In the coarse-textured soil, the TC changed from 17 to 21%
with respect to the Ctr after the first year, and from 13 to 26% after the second year. In the
medium-textured soil, these changes were from 4 to 13% at the end of the first year, and 12
to 22% at the end of the second year of the experiment. After the first year, the TC content
with both Act doses (in both soils) was similar to the TC content with NPK and FYM. After
the second year, only a double dose of Act increased the TC content compared to NPK and
FYM (Table 2).

The application of Act increased the CHAs extracted from the SOM. In the coarse-
textured soil, in both years of the experiment, after applying both doses of Act, higher CHA
contents were found in relation to not only the Ctr but also FYM. In the medium-textured
soil, the CHA contents with both Actl and Act2 were higher compared to their contents in
the Ctr, but only with Act2 were the CHA contents higher than with FYM (Figure 1a,b).

M 1year M2 year m1year w2 year

Ctr NPK FYM Actl Act2 Ctr NPK FYM Actl Act2
coarse textured soil medium textured soil

(@) (b)

m 1year m2year m1year m2year

Ctr NPK FYm Actl Act2 Ctr NPK FYM Actl Act2

coarse textured soil

()

medium textured soil

300

250

W1 year W 2 year

300

W 1year

(d)

2 year c

200

150

100

DHA pg TPF/g/24h

DHA pg TPF/g/24h

50 +=

T T r —— - T
Ctr NPK FYM Actl Act2 Ctr NPK FYM Actl Act2
coarse textured soil medium textured soil

(e) )

Figure 1. CHAs (a,b), CRe (c,d) and DHA (e f) respectively in coarse- and medium-textured soils,
and their changes after the first and second years of the experiment (means and SD); Ctr —control,
NPK-NPK treatment, FYM-FYM treatment, Actl-single humic acid treatment, Act2—-double dose
of humic acid treatment. A dashed line indicates soil parameters before the experiment was set up.
Statistically significant differences between treatments (Ctr, NPK, FYM, Actl, Act2) separate in the
first and second years of the experiment are marked with different letters (o« < 0.05).

The highest CRe content in both soils and in both years was found after the application
of FYM. In the coarse-textured soil (in both years), the lowest CRe content was found in
the Ctr, whereas in the treated soil (except for FYM), the CRe content was similar. In the
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medium-textured soil, the CRe content in all the samples (except for FYM) was similar
(Figure 1c,d).

The TN content in the coarse-textured soil ranged from 0.079 (NPK) to 0.099% (Act2)
after the first growing period, and from 0.062 (Ctr) to 1.137% (Act2) after the second
growing period. In the medium-textured soil, the TN varied from 0.083 (Ctr) to 0.093%
(Act2) and from 0.064 (Ctr) to 1.106% (Act2), respectively, after the first and second growing
periods. The highest TN content was found in the coarse-textured soil after the application
of a double dose of Act after the second year (Table 2).

The CEC in both soils was higher at the end of the first than after the second year,
ranging from 64.5 (NPK) to 77.3 mmol(+)-kg ! (Act2) in the coarse-textured soil after the
first growing period, and from 57.0 (Ctr) to 65.9 (Act2) mmol(+)-kg’1 after the second
growing period. In the medium-textured soil, the CEC ranged from 66.5 (NPK) to 89.5
(Act2) and from 64.1 (Ctr) to 75.4 (Act2) mmol(+)-kg !, respectively, at the end of the first
and second growing periods. In the coarse-textured soil, higher CEC values in relation
to the Ctr were recorded at the end of both years of the experiment with Act2, whereas
with Actl, this was the case only in the second year. The double dose of Act increased the
CEC in relation to its value with FYM, but only in the second year of the experiment. In
the medium-textured soil, higher CEC values in relation to their values in the Ctr were
recorded after the application of both doses of Act, whereas in relation to their values with
FYM, this effect was only observed after the application of a single dose of Act in the second
year, and after a double dose of Act in both years of the experiment (Table 3).

Table 3. CEC and available forms of K and P (mean =+ SD *) in soils after the first and second years of
the experiment.

Coarse-textured Soil

1 year 2 years
CEC K P CEC K P
mm01(+)-kg_1 mg-kg_1 mmol(+)»kg_1 mg«kg_1

Ctr 65.12 +2.3 69.72 £ 55 180.52 + 6.3 57.02 + 1.7 81.02 £82 11642 £ 2.5
NPK 6452420 105.8° +10.5 22360 + 4.1 5832 +£23 136.7P +£11.8 171.1P £52
FYM 67.6%P +1.8 111.9° + 6.8 2268 +9.1 6012 +1.5 140.3° +12.9 17720 + 6.3
Actl 69.82 +£1.9 272.8° 4+ 11.7 307.3°+9.3 63.7° + 1.3 279.7 ¢ £+ 15.9 205.1°+99
Act2 773° +17 644.6 4+ 12.9 41119 £11.1 659 +£3.9 67234 +£17.9 29294 482

Medium-textured Soil
1 year 2 years
CEC K P CEC K P
mmol(+)-kg ! mg-kg~! mmol(+)-kg ! mg-kg !

Ctr 7062 +£7.9 10292 £ 5.7 14352 £ 5.7 6412 + 1.4 14532 £ 12.5 111.72 £ 39
NPK 66.52 +3.7 1471b + 115 18750 + 7.1 6830 +2.7 2257 + 6.7 141.6° +8.3
FYM 8020 +28 176.7° + 16.6 179.9° 4+ 4.8 709° +1.9 2323 + 49 146.7° +10.7
Actl 7880 + 42 376.2¢ +17.5 271.6 ¢ £+ 10.6 735°+ 1.8 379.0¢ £+ 12.5 1843° +7.1
Act2 89.5¢+3.3 737.69+197  363.84+136 754°+ 14 711.04 £ 18.9 23469 +78

* SD-standard deviation. Statistically significant differences between treatments (Ctr, NPK, FYM, Actl, Act2)
separate for coarse- and medium textured soils are marked with different letters (x < 0.05).

After the application of Act, by the end of the first year of the experiment, the content
of available K had increased from 69.7 (Ctr) to 644.6 rng-kg_1 (Act2) in the coarse-textured
soil (about an eightfold increase) and from 102.9 (Ctr) to 737.6 mg-kg~! (Act2) in the
medium-textured soil (about a six-fold increase). At the end of the second year of the
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experiment, the bioavailable K content with Act2 showed approximate seven- and fourfold
increases compared to the Ctr in the coarse- and medium-textured soils, respectively. The
K content with Act2 was also higher in relation to its content with NPK and FYM in both
soils and in both years of the experiment (Table 3).

In the coarse-textured soil, the addition of humic substances also contributed to an
increase in bioavailable P, with from 180.5 (Ctr) to 411.1 mg'kg_1 (Act2) noted at the end of
the first year, and 116.4 (Ctr) to 292 mg-kg ! (Act2) at the end of the second year. In the
medium-textured soils, the P content increased from 143.5 (Ctr) to 363.8 mg-kg ! (Act2)
after the first growing period, and from 111.7 (Ctr) to 234.6 mg'kg_1 (Act2) after the second
growing period. In both soils and years, the P content was the highest with Act2, being
higher at the end of the first year than at the end of the second year. In both soils, the
increase in P content with Act2 in relation to its increase with NPK and FYM was above
80% after the first year and around 60% after the second year (Table 3).

In the coarse-textured soil, the DHA ranged from 57 (Ctr) to 189 ug TPF g~!-24 h~!
(Act2) after the first growing period, decreasing after the second year, and being the lowest
with NPK (34 ug TPF g~1.24 h—1) and the highest with Act2 (115 ug TPF g~!-24 h=1). In the
medium-textured soil, the DHA activity was higher than in the coarse-textured soil, being
in the range of 78 (NPK) to 223 ug TPF g~ 1-24 h~! (Act2) after the first year and decreasing
in the second year with a range from 60 (NPK) to 147 pug TPF g=1.24 h=! (Act2). Greater
changes in DHA were observed with Act in relation to the Ctr in the coarse-textured soil
than in the medium-textured soil (Figure 1ef).

3.2. Maize Yield Biomass, Chemical Composition and Elemental Uptake by Plants

The total maize biomass yield (from the two years of the experiment) is shown in
Figure 2a,b. The application of Act resulted in an overall increase in the maize biomass
yield from both soils in comparison to the Ctr and FYM, with the highest increase (about
200%) being between the Ctr and both Actl and Act2.

plant dry mass g/pot
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40
20

c c c d
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b b & b b
8 140
o
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b 120
w
S 100
£
Z 80
a a
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8
4 S 40 |
T 20 -
T T T T T 0 - . ; .
cir NPK Frm Ctr NPK FYM

Actl Actz Actl Act2

corse textured soil medium textured soil

(@) (b)

Figure 2. Sum of plant dry masses after two years of the experiment on (a) coarse-textured and (b)
medium-textured soils. Soil treatment abbreviations as in Figure 1. Statistically significant differences
between treatments (Ctr, NPK, FYM, Actl, Act2) separate for the coarse- and medium-textured soils
are marked with different letters (« < 0.05).

The N content in the maize shoots (cultivated in both soils and both years) ranged
from 4.86 to 8.52 ¢ N-kg~! d.m., whilst in the roots, it ranged from 4.12 to 8.88 g N-kg !
d.m. (Table 4). The highest N content was recorded in the shoots and roots of the maize
fertilised with NPK (except for the plants grown in the medium-textured soil in the second
year, where differences between the treatments were small).
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Table 4. Nitrogen, phosphorous and potassium content in maize.

Coarse-textured Soil

Shoots Roots Shoots Roots
Cir 5'33;; L 5342 4021 596% +022  640° +035
. NPK 1 year 8.52°¢ 4 0.89 8.83° +0.01 2 years 7.40 € £ 0.54 6.25° + 0.54
) FYM 4.862 £ 0.02 5.622 £ 0.30 6.77 ¢ + 0.34 5.67° +0.26
g Actl 6.53° +0.31 5.592 +0.08 5732 £ 0.38 4752 £ 0.09
g Act2 5.832 4 0.21 5702 £ 0.16 5.902 4+ 0.29 4412 £0.04
_5 Medium-textured Soil
Too Shoots Roots Shoots Roots
§ Ctr 5392 +0.12 5.153 £ 0.23 586 +£037  445% +£0.14
*° NPK 8.43° 4 0.62 8.884 +0.33 5.66 2 + 0.12 4292 +0.19
FYM 1year 5322 +0.16 4952 +0.08 2 years 6.62° +£0.26 487° +0.11
Actl 6.63° +0.54 6.03° 4 0.1 5.562 + 0.27 4122 4+ 0.04
Act2 6.26 4+ 0.36 5.83b¢ +0.45 6.34%0 £ 0.57 43224029
Coarse-textured soil
Shoots Roots Shoots Roots
Ctr 248°* +0.15 1.96 2 4+ 0.09 4944 40.32 2.88P +0.04
NPK 1.842 +0.14 1.96 2 4 0.10 3.52¢40.28 440°+0.14
é FYM 1year 279 £015  238° +0.06 2 years 2137 +£004 2399 +025
4; Actl 2.77°¢ +0.08 245° +£0.25 2.88° £0.15 3.98°¢ 4+ 0.09
9;3 Act2 3.07¢+£0.22 3.10¢+0.12 2.87° +0.08 422¢4+0.24
g: Medium-textured soil
;‘O Shoots Roots Shoots Roots
2 Ctr 1.922 +0.11 1.57 2 4 0.10 2182 £0.16 1.86 2 +0.06
o)  NPK 1782 £0.06  1.69° +0.12 2980 +£018  3.12° +0.23
FYM 1year 291b+£016  237° 4017 2 years 2167 +0.10 1879 +021
Actl 2580 +022 2.52° £0.19 3.09° +0.06 3.44° +022
Act2 2.89P +0.25 263 +0.31 6.07°+0.71 6.90 ¢ + 0.63
Coarse-textured soil
Shoots Roots Shoots Roots
Ctr 2012% +1.2 1152 +£1.2 228b+13 11.02 £ 1.2
NPK 2032+£19 16.6° +1.6 2504 +12 18.4¢ 4 0.7
* — 1 year 2 years
a FYM 31.0P +£21 18.4b< +2,0 1672 £ 0.2 13.7° 4+ 0.3
4; Actl 34.0b¢ 4+ 0.2 23.0¢ 425 222b 401 17.8¢+0.5
s;i Act2 36.3°+ 1.3 2849 +13 2609+ 1.0 14.0° + 0.6
=) Medium-textured soil
;‘O Shoots Roots Shoots Roots
—30 Ctr 2492 +17 19.82 +2.1 18.72 £ 0.8 802 +£02
&0 NPK 2672 +£12 2112+ 16 23.8¢+ 1.0 101 +£0.3
FYM 1year 353P +£1.0 2352 +£0.5 2 years 20.12b +0.3 9.820 +0.2
Actl 348P +1.4 27.6° +0.6 23.1b +26 133°4+ 14
Act2 365P +1.6 27.7° +1.8 4469402 19.09 £ 0.4

* SD-standard deviation ** statistically significant differences between treatments (Ctr, NPK, FYM, Actl, Act2) for
coarse- and medium-textured soils, year and plant part are marked with different letters (« < 0.05).
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The P content in the maize shoots (grown in both soils and both years) ranged from
1.78t0 6.07 g P‘kgf1 d.m., whilst in the roots, it ranged from 1.57 t0 6.90 g P-kg*1 d.m.
(Table 4). For K, the content in the maize shoots (grown in both soils and both years)
ranged from 16.7 to 44.6 g K-kg~! d.m., whilst in the roots, it ranged from 8.0 to 28.4 g
K-kg~! d.m. (Table 4). The P and K contents in the maize parts differed between years and
soils. However, the beneficial effect of Actl and Act2 on the P and K contents in maize
was notable (especially in the medium-textured soil, but also, to a lesser extent, in the
coarse-textured soil).

The uptake of N, P and K was higher from the amended soils than from the non-
amended soils (Ctr) (Figure 3a—c). The greatest differences between the amended treatments
were observed for the P and K uptake, with the highest uptake recorded after the application
of Act. The uptake of P in the coarse-textured soil increased approximately fourfold with
both Actl and Act2, whereas in the medium-textured soil, the P uptake also increased
fourfold with Actl, but about sevenfold with Act2, compared to the uptake of P in the Ctr.
Similar increases were observed in the K uptake. In the coarse-textured soil, the increase in
K uptake with both Actl and Act2 was about fourfold, whereas in the medium-textured
soil, it was similar with Actl, but about 5.5 times higher with Act2 in relation to the Ctr.
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Figure 3. Cont.
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Figure 3. Amount of nitrogen (a), phosphorus (b) and potassium (c) taken up by maize within two
years of the experiment (means and SD). Statistically significant differences between treatments (Ctr,
NPK, FYM, Actl, Act2) separate for the coarse- and medium-textured soils are marked with different
letters (o« < 0.05).

3.3. Soil Quality Index and Hierarchical Cluster Analysis
The SQI was calculated according to Equation (4), using the results of the PCA (Table 5):

SQI = 0.4388 x CEC + 0.4388 * DHA + 0.1923 * K* + 0.1724 % P + 0.1742 * CHAs + 0.1257 * Cre  (6)

where each numerical value corresponds to the appropriate weighting factor assigned to
the soil parameter. Standardisation of the scales was performed:

Normalised weights = w;/1.1016 (7)

where the denominator of the fraction is the sum of all the weights obtained, which led to
the final form of the SQI:

SQI = 0.3983 x CEC + 0.3983 * DHA + 0.1746 * K* + 0.1565 x P + 0.1565 * CHAs + 0.1141 * Cre (8)

Table 5. Results of the principal component analysis of the main soil parameters.

PC PC1 PC2 PC3 PC4
Eigenvalues 8.34 3.65 3.27 2.39
Variance [%] 43.88 19.23 17.24 12.57

Cummatff/f] variance 43.88 63.11 80.35 92.92

pH —0.468 —0.760 —0.001 —0.333

Ca?* —0.855 0.274 0.336 —0.103
Mgz’r —0.783 —0.207 0.524 -0.171
K* 0.041 —0.925 0.172 0.064
Na* —0.554 0.733 —0.176 —0.263
TN! —0.499 0.756 0.199 0.213
TC? 0.567 0.075 —0.649 —0.221
CHAs?® —0.620 —0.027 —0.702 0.029
CRe* 0.257 0.369 —0.092 —0.868
CECS5 —0.879 0.161 0.425 —0.054
Ke —0.829 —0.250 —0.453 0.080
P’ —0.443 —0.238 —0.827 0.066
DHA 8 —0.845 —0.229 —0.103 —0.401
BS® —0.618 —0.575 0.375 —0.297

1234578 _explained under Table 1, *~basic cations saturation.
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The application of Act increased the SQI values calculated at the end of the experiment.
Regardless of soil texture, these values were ranked as follows: Ctr < NPK < FYM <
Actl < Act2. However, the SQI values for the medium-textured soil were always higher
than for the coarse-textured soil. In the coarse-textured soil, the increase in SQI values
in comparison to the Ctr was greater (by 59% with Actl and 102% with Act2) than in the
medium-textured soil (by 55 and 73%, respectively, with Actl and Act2) (Figure 4).

Oc
Ctrc
MPEKC
FyYMic
Actlc
Act2c

Om
Ctrm
MPKm
FYhm
Actlm
ActZm

Treatment

5Ql 0.0

0.1 0.2 0.3 0.4 0.5 0.6 a.7

Figure 4. SQI of coarse textured (c) and medium textured soil (m) before setting up the experiment
(Oc and Om) and after the two years of the experiment. Soil treatments abbreviations as in Figure 1.

Using selected results for the soil and plant parameters (see Section 2), obtained at
the end of the experiment, a hierarchical cluster analysis was conducted, using Euclidean
distance as a measure of the treatment affinities. In both the coarse- and medium-textured
soils, the first cluster grouped FYM with NPK as the most similar, with the smallest distance
between their binding (10 and 12, respectively). The Ctr was connected to these, followed
by Actl, with increasing distances. In the coarse-textured soil, the binding distance of Actl
was 27, while in the medium-textured soil, it was 36 (Figure 5a,b). However, independent of
texture, the greatest difference was between Act2 and the other treatments, with a binding
distance of 100.
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Figure 5. Hierarchical cluster analysis (Ward method) based on the results obtained after two years
of the experiment, coarse-textured soil (a), medium-textured soil (b).

4. Discussion
4.1. Effect of Lignite Extract on Soil Properties

In our experiment, the application of Act, especially in a double dose, improved
certain soil properties, including pH, TC, available K and P, and DHA. We observed an
increase in pH with Act2, although the soils remained acidic. Similar changes in pH after
HA application have been observed [24] under celery and leek cultivation, as well as by
Arjumend et al. [5] and Tahir et al. [6] under wheat cultivation in pot experiments. This
effect is probably due to the buffering capacities of the HAs, which resist changes in soil
pH [5]. The highest percentage of change in TC content in both soils was found after the
double Act application in the second year of the experiment. With these treatments, the
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TC content was also higher than with FYM. The maintenance of the increased TC content
into the subsequent year of the experiment indicated a relatively slow mineralisation of the
OM being introduced into the soil in the form of the lignite extract [38]. The application of
Act also resulted in an increased CHA content, which is particularly important in acidic
soils in humid climates, where precipitation is conducive to the washing out of humus
from the surface horizons and its penetration into the soil profile [24]. Similar effects have
been observed when a different soil additive based on lignite (Rekulter) was used in soil
reclamation [39]. There have also been other reports of increased TC accumulation in soils
following the application of lignite HA additives to soils under medicinal herb [23] or
different tree species [40] cultivation. Increased soil organic carbon storage results from the
high hydrophobic properties of additives containing lignite waste, which is not leached out
from soils [41].

A significant increase in the available K, recorded after Act application to both soils,
was the result of a greater amount of K being introduced with the Act, which contains
about 1.5% K,O (according to the producer), compared to FYM, which is usually poor in
this element (0.7%, on average). Such large increases in the K content with Act2 (eight- and
sevenfold, respectively, at the end of the first and second years of maize cultivation) in
the coarse-textured soil may be a little surprising because maize needs a great deal of K.
When grown for grain, maize takes up 2.5 times more K than P, whereas when grown for
silage, the use of K is even higher [37]. This significant increase in available K in the soils
in our experiment, resulting from the application of Act, is consistent with the findings of
Khaz et al. [16] in their study on lignite application to soil under maize cultivation. Similar
results were also obtained by Turgay et al. [8] for broccoli and Selim and Mosa [42] for
wheat cultivation.

After Act application, the available P content also increased, which may have resulted
from the addition of HAs increasing the P availability through competition for P-binding
sites and the solution of poorly soluble P in acidic soil [5,8,43]. Soil phosphates are often
not available to plants because they react with iron (Fe) and aluminium (Al), and are held
by the SOM. Adding chelating agents, such as HAs, can break the Fe and Al bonds between
the soil phosphates and SOM, thus releasing phosphate (PO3) ions into soil solution. This
process occurs naturally in the presence of humic substances or plant-root exudates, and
applying humic substances to soil can stimulate this process, resulting in an increase in the
plant-available P content [43].

The increase in DHA after the application of Act was mainly due to the increased
availability of nutrients, with Act possibly being both a source of nutrients and contributing
to the increase in nutrient concentrations in soil solution through a soil buffering reaction.
A similar conclusion was drawn by Sugier et al. [23] and El-Sayed et al. [44] who analysed
the effect of Act on the metabolic activity of microorganisms. In our study, the DHA
was affected by the nutrient content, such as K, P and CHAs, because the level of DHA
correlated positively with K (correlation coefficient r = 0.648), P (r = 0.729) and the CHAs (r
=0.538) at p < 0.05.

4.2. Effect of Act on Biomass Maize Yield, Chemical Composition and Elemental Uptake by Plants

In this study, the application of Act increased the K and P contents in the plants.
The high contents of these elements in the plants and the high biomass yields resulted in
high P and K uptake. The beneficial effects we observed of the use of humic substances
on maize biomass yields, as well as on P and K content and uptake, can be explained
as an interaction between humic substances and physiological and metabolic processes.
The addition of humic substances stimulates nutrient uptake and cell permeability, and
regulates the mechanisms associated with plant growth stimulation [18,45-47]. The use
of humic substances also improves the physicochemical and biological environment of
the soil, including the availability of some macro- and microelements and growth of
the microbial biomass [22,48]. Suganya and Sivasamy [49] and Ciarkowska [50] found
that the introduction of HAs improves soil structure, resulting in better water retention
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and increased nutrient supply and retention—especially in coarse-textured soils—which
ensure better crop biomass yields. Such interactions confirm the similar and high biomass
yields obtained with Actl in the coarse-textured soil and with Act2 in the medium-textured
soil in this study (Figure 6).

U O

.r \‘i\"

(b)

Figure 6. Maize in the 7th-leaf phase in the first year of cultivation, on (a) coarse-textured soil
and (b) medium-textured soil. With Act treatment, the maize specimens were approximately 40%
(Actl + coarse-textured soil) and 30% (Act2 + medium-textured soil) taller than in the Ctr, and they
had typical leaf colouration and were more compact in shape. In the Ctr and with NPK treatment,
we observed anomalies in plant development, dwarfism and insufficient (light green) colouring of
the leaves.
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The use of humic substances is known to have a positive effect on wheat [6] and celery
and leek [24] biomass yields. Among the hypotheses explaining the beneficial effects of
HAs on yield is their direct impact on the plant through the production of plant hormones,
and indirectly through stimulation in the development and activity of microorganisms [17].
Increased elemental contents in plants after the application of humic substances have also
been reported by Dingsoy and Sénmez [51].

The application of Act increased N uptake in relation to the Ctr and FYM, resulting in
an increase in maize biomass with both Act treatments. The uptake of N with Actl and
Act2 was similar to the uptake of N with NPK in medium-textured soil and a little higher
in coarse-textured soil. The N uptake with FYM was much lower than with Act, probably
because of the time-delayed release of the organic N pool from the manure. However, it is
difficult to explain the slightly higher uptake of N with NPK than with Act, as observed in
the coarse-textured soil, which was not reflected in a yield increase from treatment with
mineral fertilisation. Omondi et al. [52] explained that this was likely related to the variety
of N forms applied and their effect on plant physiological processes (photosynthesis).

4.3. Changes in Soils after Humic acid Application Expressed by the Soil Quality Index

The SQI value is considered to be an overall assessment of soil quality, reflecting
the impact of the pattern of use [53,54]. The results of this experiment indicate that the
application of a double dose of Act to the coarse-textured soil significantly increased the
SQI value when compared to a single dose, whereas a similar increase in Act dosage was
not as effective in the medium-textured soil. The limited reaction in the medium-textured
soil may be due to its more favourable original soil conditions, as has been pointed out
by Szczepanek and Wilczewski [55]. Verlinden et al. [56] considered the use of humic
products under good soil conditions to be a cause of poor reactions in cultivated plants.
The improvement in soil quality is of key importance in the case of coarse-textured soils,
which are classed as poor soils with very low (<1.0%) and low (1.1-2.0%) soil C contents [3].
Our findings are in line with the results of a previous study concerning the impact of Act
liquid amendment under celery and leek cultivation [24].

4.4. Combined Effects of Humic acid Application to Soils and Plants

Our findings from the two-year experiment indicate that the application of Act im-
proved both the soil parameters and the total maize biomass yield. In addition, on one
hand, the Act increased the uptake of K by the maize compared with other treatments,
but on the other, despite the fact that maize is a K-loving crop, both soils amended with
Act contained higher amounts of this element than the soils under other treatments. Ac-
cording to the fertilisation recommendations presented by Jadczyszyn et al. [57], a soil
with such a high content of available K (over 330 mg-kg ™! in the coarse-textured soil and
over 415 mg-kg~! in the medium-textured soil) does not require fertilisation with that
nutrient in the next growing period. Similarly, Act application increased the uptake of P.
The highest uptake of this element was recorded in the medium-textured soil with Act2.
This may be due to the higher pH value of this soil than the others. According to Jurga
and Filipek [58], the availability of P increases with an increase in pH in the range of 5.0
to 5.5. In spite of the high uptake of P, there was still a high content of available P with
Act2 (over 200 mg-kg~!), indicating there was no need to supply this nutrient in the next
growing period [57]. However, if the P content is too high, there is a risk of limiting the
uptake of micronutrients by plants, especially Fe and zinc (Zn), which are antagonistic
to P [59]. To counteract this problem, Act has been enriched with various micronutrients
(https:/ /arctech.com/actosol.html accessed on 20 October 2021).

The cluster analysis showed that the effect of a single dose of Act was similar to the
effect of FYM, but a double dose of Act made a substantial difference compared with the
other treatments. The greatest binding distance between Actl and Act2 was observed in
the coarse-textured soil. Similar relationships were found between the SQI values in the
soils studied. The application of Act to the coarse-textured soil caused a greater variation
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in the SQI values between Actl and Act2 than between the respective treatments in the
medium-textured soil (Figures 4 and 5).

4.5. Environmental Implications of Adding Actosol to Soils

One of the possible effects of Act use on the environment may be linked to the
substantial increase in the amount of available P in the humus horizons of agricultural
soils. Phosphorus is considered to be a poorly soluble and mobile element, but there is a
possibility that it could leach from the soil and cause eutrophication in local water bodies.
However, the water-soluble P that can be leached represents only a small fraction of the
available P. Phosphorus losses due to leaching under Polish conditions have been estimated
at being around 0.2-0.5 kg P ha~! [60]. In addition, the accumulation of P in the surface
horizons of arable soils does not contribute to its leaching and accumulation in the lower
horizons, as it is often sorbed chemically during its movement downwards through the
soil profile [61]. It has also been noted that there is a decrease in microbial activity caused
by excess P in soils [61]. Our results did not support such an observation. We noted a
substantial increase in DHA in the soils following the addition of Act and, furthermore,
DHA was positively correlated with available P. We also found an increased accumulation
of C and humic acids in the soils after the introduction of Act. The accumulation of SOM is
of particular environmental concern because it is essential in providing an energy source
for the soil microbial communities that drive key soil ecological processes. Therefore,
the introduction of humic compounds into the soil stimulates the activity of the soil
microorganisms [23,48]. In addition, the storage of C in soil due to SOM stabilisation
reduces the mineralisation of C, thus its change into CO, and its release into the atmosphere,
thus it helps to counteract climate change [34].

5. Conclusions

Through this study, we have proved the positive effect of lignite extract on selected
coarse- and medium-textured soil parameters and SQIs in a 2-year pot experiment with
maize cultivation. We found increases in the sorption properties, DHA, available K and P,
TN, TC, CHAs, maize biomass yield, and the P and K contents and uptake in the plants.
The positive effects of Act application on the sorption properties, DHA and P content
remained for two years after its application, but were greater in the first year than in the
second. The TC, CHAs and available K content were higher in the second year than in
the first, after Act application, indicating the slow mineralisation of the OM introduced.
The application of Act contributed to the accumulation of available K and P in the soils in
amounts such that there was no need to supplement these elements in the next growing
season. The effect of a single dose of Act on the SQI values was similar to the FYM effect,
whereas the benefits of a double dose of Act were much greater.

The positive effect of the Act lignite extract on the properties of a coarse-textured soil
with a low sorption capacity, which was poor in nutrients and low-yielding, and had a high
susceptibility to degradation, is proof that its application is a useful option for improving
soil quality, plant growth and C accumulation.

To sum up, this study has demonstrated the potential for using lignite waste as an
effective soil additive on one hand, and as an environmentally friendly way to dispose of
waste on the other. However, we are aware that the study was performed in a 2-year pot
experiment, and therefore the results should be considered to be preliminary, requiring
validation by studies performed under field conditions.
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