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ABSTRACT

The presented study aimed at determining the influence of the increasing dose of new Z-ion zeolite substrate on
the growth of maize (Zea mays L.) as species belonging to energy crops. In order to achieve the study aim, the pot
experiment was carried out where the plants were grown on six series of media i.e.: on marginal soil (the control
series I), on arable soil (the control series II) and on four mixtures of marginal soil with increasing Z-ion substrate
addition (1%, 2%, 5%, 10 % v/v). The pot test was carried out in a phytotron with a 13/11 light/dark regime. After
the end of the experiment, the mean values of the vegetative parameters (wet and dry biomass of roots and stems)
characterizing the plant growth in particular media series were determined. The C:N ratio for maize stems was
calculated as well. The obtained study results showed a favorable influence of Z-ion substrate additions on the
vegetative growth of maize. Already a 1% (v/v) substrate addition to marginal soil increased the wet and dry
stems biomass by 173-204%. At the same time, it turned out that in the sixth week of plant growth, a 5% sub-
strate addition to the marginal soil enables to achieve the value of vegetation parameters at a level similar to that
of the parameters characterizing the plant development on arable land. Thus, at an early stage of plant growth, a
5% substrate dose can be considered as one allowing a similar course of maize growing on marginal soil as in the
case of arable soil. It is worth noting that at this substrate dose, the C:N ratio in maize stems reached the value
of 13.05, at which the plant biomass is the substrate ensuring the fairly proper course of methane fermentation
supplying fuel in the form of biogas.
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INTRODUCTION

The development of human civilization
causes a faster and faster increase in energy de-
mand. The energy system of the Earth is based on
fossil fuels whose resources are limited in time
and their use brings negative consequences for
the natural environment [Comparetti et al. 2013,
Lewandowski and Ryms 2013, Koszel and Loren-
cowicz 2015]. Therefore, geological, ecological,
but also economic and political considerations
related to the need for greater independence from
foreign fuel suppliers, justify the requirement of
increasing the share of renewable energy sources
in primary energy production in Poland [Iglinski
et al. 2009]. In our country, among the renew-
able fuels, biomass which is also assessed as the

least capital-intensive renewable energy source,
occupies the largest share in energy production
[Iglinski et al. 2009]. The biomass used for en-
ergy production comes from various sources, in-
ter alia, from the cultivation of energy plants that
are directly incinerated or used for the production
of liquid biofuels (e.g. rapeseed oil) or gas biofu-
els (e.g. biogas) [Lewandowski and Ryms 2013].
Energy crops can be grown on arable soils, but
in the light of the reports of competition between
food and energy crops and the resulting possible
negative impact on food security, it is proposed
to grow energy crops on degraded or marginal
soils [Fritsche et al. 2010, FAO 2009, Nabel et
al. 2014]. Marginal soils are defined as edaphic
defective soils for anthropogenic or natural rea-
sons, where it is impossible to obtain a yield at
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an economically justified level and with adequate
food quality [Koscik 2003]. The cultivation of
energy crops on such soils will often require the
use of fertilizer materials. Such materials may in-
clude substrates prepared on the basis of natural
and synthetic ion exchangers. These substrates
were first prepared at the Institute of Physical and
Organic Chemistry of the Belarusian Academy
of Sciences in Minsk for the purpose of cultivat-
ing crops in closed ecological systems. In fact,
they are mixtures of cation and anion exchang-
ers loaded with plant nutrient ions in appropriate
ratios and have obtained the trade name Biona®
[Soldatov 2019, Chomczynska et al. 2014]. Due
to the high exchange capacity of ion exchangers,
the nutrient content in substrates can be signifi-
cantly higher than in the best natural soils. The
macro- and micronutrients present in ion ex-
changers in high concentrations are not osmoti-
cally active; therefore, there is no possibility of
causing damage to plant roots [Chomczynska et
al. 2016]. It was shown in the past studies that
small additions of ion exchange substrates (at
the level of 2% v/v) to sand (as a degraded soil
model) resulted in an increase in plant biomass
in the range of 300—1400% [Chomczynska 2013].
Currently, the wide use of substrates prepared on
the basis of synthetic ion exchangers is limited
by financial considerations, mainly by the costs
of production of anion exchange resins. There-
fore, work was begun on the preparation of new
substrates consisting only of cheaper natural ion
exchangers, which are zeolites [Kosandrovich
et al. 2019]. These substrates are prepared as
mixtures of various ionic forms of clinoptilolite
with the addition of weakly soluble calcium and
magnesium phosphates. They are produced under
“Z-ion” trade mark and their varieties differ in the
nominal molar ratio of NH,"/K*=1/1-4/1 and pH
equal to 5, 6 and 7. The concentration of nutrient
ions in the solution equilibrated with the substrate
is controlled by equivalent ion exchange of K*
and NH," ions with the plant metabolites and low
solubility of the calcium and magnesium phos-
phates. This provides constant and safe for the
plants total ionic concentration in the substrate

Table 1. Contents of nutrients in soils

solution independently of the amount of the zeo-
lite substrate in the growing media [Kosandrovich
et al. 2019].

In connection with the need to support the de-
velopment of energy crops, the aim of the present-
ed studies was to determine the effect of the dose
of'a new zeolite substrate on the course of vegeta-
tion of common maize (Zea mais L.). Maize is also
an energy species whose above-ground biomass
is used as a feedstock in the methane fermentation
carried out in biogas production systems.

MATERIALS AND METHODS

Marginal soil, arable soil and Z-ion substrate
were used as basic materials in the study. The mar-
ginal soil was taken from the excavation boundary
of the sand mine in Rokitno, situated near Lublin
(Eastern Poland). The pH value of the soil in 1 M
KCI solution was 4.3. The contents of macronu-
trients available for plants in the soil were deter-
mined according to the Polish standards [Litynski
and Jurkowska 1982, Ostrowska et al. 1991]. It
was characterized by low (P, S), very low (K, Mg)
or insufficient (N, Ca) contents of nutrients in
terms of plant requirements — Table 1.

The arable soil was collected from the field
situated in Czestawice, near Natgczéw (Eastern
Poland). The pH value of the soil in 1 M KCI so-
lution was 5.5. The contents of macronutrients
available for plants in the soil were determined
according to the Polish standards. It was charac-
terized by very high or high (P, Mg), medium (K),
low (S) and insufficient (N, Ca) contents of nutri-
ents in terms of the plant requirements — Table 1.

The Z-ion substrate was used as a nutrient
carrier in the study. It was prepared at the experi-
mental plant of “Project WISMUT” Ltd. (Russia).
It constituted a mixture of ammonium form of cl-
inoptilolite (about 75% v/v), potassium form of
clinoptilolite (about 25% v/v) and weakly soluble
Ca?" and Mg?* phosphates. The amounts of nutri-
ents in the substrate were as follows (mmol/kg):
N -324, P - 100, K — 110, Mg — 80, Ca — 113,
S—1.4,Na-101.

Sol N-NH, N-NO, P,O, K,O Mg Ca S-S0,
[mg/dm?] [mg/dm?] [mg/100g] [mg/100g] [mg/100g] [mg/dmq] [mg/100g]
Marginal soil 2.77 10.56 5.7 1.83 15 238.3 0.83
Arable soil 3.07 9.76 34.9 19.7 7.75 586.0 0.49
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The studies were performed using maize
(Zea mais L. cv. Bejm) as the test species. Six
series of media were prepared for the purpose of
the pot experiment, including: marginal soil (the
control I), arable soil (the control II) and four
marginal soil series with increasing Z-ion sub-
strate doses — 1%, 2%, 5%, 10% (v/v) — Table 2.
Before preparation of media series, calcium bi-
carbonate was added to marginal soil (60 mg of
CaCoO, per 100 g of soil) to adjust its pH to the
pH level of the arable soil.

The experiment started on 17th September
2018. In each pot (with the volume of 1200 cm?),
one germinated seed was sown. The experiment
was carried out in a phytotron with a 13/11 light/
dark regime. The daytime (7 a.m.—8 p.m.) air
temperature was 25+1°C, while the night-time
(8 p.m.-7 a.m.) air temperature was 16+1°C. Dur-
ing the experiment, the plants were watered with
distilled water. The amount of water depended on
the current needs of the plants. The experiment
was terminated after 42 days from the time of
seed sowing. The plant stems were cut down and
roots were separated. The wet and dry (105°C)
biomass of stems and dry (105°C) root biomass
were weighed. The total dry biomass of plants
was calculated as a sum of dry stem and root bio-
mass. In stem biomass the content of carbon and
nitrogen was determined. The carbon content was
analyzed with TOC SSM 5000A Shimadzu appa-
ratus, while the nitrogen content was determined
using Kjeltec™ 8200 Foss Tecator equipment.
The results obtained were used for the calculation
of mean values characterizing the experimental
series (arithmetical mean values). The data ob-
tained on plant yield were subjected to analy-
sis of variance (Statistica 12.5 software). The
means were separated using Tukey’s test at the
0.05 probability level [Wotek 2007]. In order to
describe the relationship between the plants bio-
mass and the substrate dose, linear and nonlinear
(logarithmic) regression was used in three ranges
of applied doses i.e.: 0-2%, 0-5% and 0-10%.

The structural parameters of regression equations
— mathematical models were estimated with the
least-squares method [Zuur 2009]. In addition,
the R? coefficient and the Chow F statistics were
determined to assess the quality of the regres-
sion fit to the analyzed data. The R?* coefficient
expresses the level of explained variability of the
dependent variable by the adopted mathematical
model, while the Chow F statistics is used to test
the significance of the differences between the
model consisting only of the intercept and the ad-
opted model. The higher the values of both statis-
tics, the better the fit of the model to the analyzed
data [Devore 2011, Wooldridge 2009].

RESULTS AND DISCUSSION

The study results on plant biomass are pre-
sented in Figures 1-8. It can be seen that already
1% substrate addition to marginal soil favorably
affected maize growth increasing plant biomass
significantly. In fact, wet and dry stem biomass,
dry root biomass and total dry biomass of plants
growing on soil enriched with 1% substrate dose
was higher than that on marginal soil alone by
204, 171, 142 and 159%, respectively (Fig. 1-4).
Withincreasing substrate fraction in marginal soil,
the vegetative parameters (particularly: wet and
dry stem biomass, total dry biomass) increased
logarithmically to a level of 10% substrate addi-
tion (Fig. 5-7), which is confirmed by very high
values of the R? coefficient obtained for regres-
sion equations y=a,log(x+1)+a, (Table 3-5). In
the dose range of 0-2%, the dependence of fresh
and dry stem biomass and total dry plant bio-
mass on the substrate dose can be determined
by the linear regression, because the differences
in R? values calculated for linear and logarith-
mic models, indicating differences in the levels
of explained variance by these models, were the
smallest and did not exceed 3.5% (Table 3-5).
Similarly, the absolute values of differences in

Table 2. Characteristics of media series in the pot experiment

Media series [crr?:/)got] SUbS[té?T:g;ci?'t'on Pot number
Marginal soil (MS) 1150 - 5
Arable soil (AS) 1150 - 5
Marginal soil+1% Z-ion (MS+1%) 1138 11.5 5
Marginal soil+2% Z-ion (MS+2%) 1127 23 5
Marginal soil+5% Z-ion (MS+5%) 1092 57.5 5
Marginal soil+10% Z-ion (MS+10%) 1035 115 5
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Wyet stern biomass [g/pot]

MS MS+1% MS+2% MS3+5%  MS+10% AS

Media series

Fig. 1. Wet stem biomass of maize in media series

of pot experiment; explanations: MS — marginal soil,
MS+1% — marginal soil with 1% Z-ion addition,
MS+2% — marginal soil with 2% Z-ion addition,
MS+5% — marginal soil with 5% Z-ion addition,
MS+10% — marginal soil with 10% Z-ion addition,
AS — arable soil, I — standard deviation, the mean val-
ues with the same letter are not significantly different

Dry root biomass [g/pot]

Ms MS+1%  MS+2%  MS+5% MS+10% AS

Media series

Fig. 3. Dry root biomass of maize in me-
dia series of pot experiment; explana-
tions are the same as under Fig. 1

the Chow test statistics specified for the consid-
ered models (in the dose range of 0-2%) were
the smallest (Table 3-5). The trends described
above were not observed for dry root biomass
(Fig. 8). It could be due to the fact that with still

et stem biomass [g/pot]
w
g

5.0
Substrate dose [%]

Fig. 5. Dependence of wet stem biomass of maize on
the Z-ion substrate dose present in the marginal soil
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Dry stem biomass [g/pot]
w

MS+1% MS+2% MS+5% MSHU%

Media series

Fig. 2. Dry stem biomass of maize in me-
dia series of pot experiment; explana-
tions are the same as under Fig. 1

IIIIIE

MS+1% MS+2% MS+5%  MS+10%

Total dry biomass [g/pot]
L R - ]

Media series

Fig. 4. Total dry biomass of maize in me-
dia series of pot experiment; explana-
tions are the same as under Fig. 1

increasing above-ground biomass, the develop-
ment of the plant root system may be limited by
subsequent increasing doses of some nutrients
(present in the substrate) — especially by nitro-
gen [Litynski and Jurkowska 1982, Fageria and
Moreira 2011, Yu et al. 2014].

The observed increases in vegetative param-
eters of maize (dry root and stem biomass) caused
by 2% dose of zeolite substrate were lower than
those observed in previous studies where 2%

-

Dry stem biomass [g/pot]
@

"

0.0 25 50 75 100
Substrate dose [%)]

Fig. 6. Dependence of dry stem biomass of maize on
the Z-ion substrate dose present in the marginal soil
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Table 3. Parameters of linear and logarithmic regressions for relationship between wet stem biomass of maize and
Z-ion substrate dose

Parameters Regressions
1 2 3 4 5 6

a, 10.539™ 5.957" 4.058™ - - -
a, - - - 18.981™ 17.973™ 18.425™
a, 6.355™ 10.173™ 13.140™ 5.557" 5.986™ 5.708™
Observations 15 20 25 15 20 25
R? 0.959 (95.9%) | 0.878 (87.8%) | 0.878 (87.8%) | 0.960 (96%) (gé?,f% ) 0.970 (97%)
F Statistics 305.041™ 129.775™ 165.935™ 313.956™ 474.951™ 738.064™
IRz, —Re,| - - - 0.1% 8.5% 9.2%
IF,.—F,]| - - - 8.915 345.176 572.129

Explanations: 1,2,3 — linear regression for substrate dose ranges: 0-2% (1), 0-5% (2), 0-10% (3), 4,5,6 — logarith-
mic regression for substrate dose ranges: 0-2% (4), 0-5% (5), 0-10% (6), a,— the slope for linear regression, a,
— the slope for logarithmic regression, a, — the intercept, \Rzlog —R?, |- the absolute value of the difference between
R? for logarithmic regression and R? for linear regression, |Flug —F,, | —the absolute value of the difference between
F for logarithmic regression and F for linear regression, ™" — parameters statistically significant at p < 0.01

Table 4. Parameters of linear and logarithmic regressions for relationship between dry stem biomass of maize and
Z-ion substrate dose. Explanations are the same as under Table 3

Regressions
Parameters
1 2 3 4 5 6
a, 1.081™ 0.671™ 0.412™ - - -
a, - - - 1.943™ 1.990™ 1.902™
a, 0.738™ 1.080™ 1.483™ 0.658™ 0.638™ 0.692™
Observations 15 20 25 15 20 25
R? 0.952 (95.2%) | 0.905 (90.5%) | 0.845 (84.5%) | 0.949 (94.9%) 0.960 (96%) 0.963 (96.3%)
F Statistic 256.279™ 170.547 125.243™ 243.578™ 429.732™ 598.811™
IR%q = R%l - - - 0.3% 5.5% 11.8%
[F o, = Ful - - - 12.701 259.185 473.568

Total dry biomass [g/pot]

0.0 25

50
Substrate dose [%]

Fig. 7. Dependence of total dry biomass of maize on
the Z-ion substrate dose present in the marginal soil

additions of different ion exchange substrates
(e.g. Biona®-312, Biona®-111, Mp) were used to
improve the growth of orchard grass [Wasag et al.
2000, Chomczynska 2013]. The differences in the
effectiveness of Z-ion substrate and ion exchange
substrates could be caused by varying nutrient

Dry root biomass [g/pot]

50
Substrate dose [%]

Fig. 8. Dependence of dry root biomass of maize on
the Z-ion substrate dose present in the marginal soil

contents in particular substrates (Table 6) or dif-
ferent nutrient demands of the test species (maize,
orchard grass).

The comparison of values pertaining to the
vegetative parameters of the plants growing on
arable soil with those characterizing the plant
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Table 5. Parameters of linear and logarithmic regressions for relationship between total dry biomass of maize and
Z-ion substrate dose. Explanations are the same as under Table 3

Parameters Regressions
1 2 3 4 5 6
a, 1.403™ 0.722™ 0.436™ - - -
a, - - - 2,572 2.233™ 2.064™
a, 1.337™ 1.904™ 2.351™ 1.204™ 1.348™ 1.452™
Observations 15 20 25 15 20 25
R? 0.883 (88.3%) | 0.795(79.5%) | 0.771(77.1%) | 0.916 (91.6%) | 0.917 (91.7%) | 0.925 (92.5%)
F Statistic 97.972™ 69.831™ 77.504™ 141.352™ 198.251™ 285.521™
IR%,, - R?,| - - . 3.3% 12.2% 15.4%
IFo, — Fl - - - 43.38 128.42 208.017
Table 6. Comparison of nutrient contents in Z-ion substrate and ion exchange substrates
Substrate K Ca Mg N P S
mmol/100 g
Biona®-111 19 204 80 101 18 21
Biona®-312 45 222 72 73 11 19
Mp 18 306 48 77 21 15.5
Z-ion 11 11.3 8 324 10 0.14

Table 7. The C:N ratio in above-ground biomass of maize growing on media series in the pot experiment

Media series C content [% d.m.] N content [% d.m.] C:N
Marginal soil 48.00 3.14 15.27
Marginal soil+1% Z-ion 45.54 3.18 14.33
Marginal soil+2% Z-ion 43.96 3.08 14.25
Marginal soil+5% Z-ion 42.28 3.24 13.05
Marginal soil+10% Z-ion 41.40 3.51 11.81
Arable soil 44.73 1.1 40.34

Explanations: d.m. — dry matter (in 105°C).

growth on marginal soil supplemented with
Z-ion substrate should allow to chose the sub-
strate dose that after introducing into marginal
soil would give the same plant yield as arable
soil. In this analysis, the above-ground bio-
mass of maize should be considered first of all
because it is used as feedstock in methane fer-
mentation for biogas production [Nabel et al.
2014, Barbosa et al. 2014, Nabel et al. 2016].
The wet and dry stem biomass of maize grow-
ing on arable soil were significantly higher
(by 75-111%) than those obtained on the mar-
ginal soil enriched with 1% substrate addition
(Fig. 1, 2). The yield of above-ground biomass
(wet and dry) obtained on arable soil exceeded
that observed on marginal soil plus 2% addition
of Z-ion substrate by 16-40% and difference
in dry stem biomass between both considered
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media series was statistically significant (Fig. 2).
Conversely, the wet and dry stem biomass of
maize growing on marginal soil with added 5%
substrate did not differ significantly from those
obtained on arable soil (Fig. 1, 2). Thus, 5% ad-
dition of Z-ion substrate can be considered as
that increasing fertility of marginal soil to the
level of selected arable soil of medium quality.
Obviously, this observation should be confirmed
under field conditions for maize cultivation over
longer time period than that established for the
presented pot experiment.

While analyzing the results of the present-
ed studies it is worth to pay attention to the C:N
ratio in maize stems because this parameter is
important for appropriate course of methane
fermentation. Literature recommends an oper-
ating C:N ratio ranges of 20-30 [Kainthola et
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al. 2019, Montusiewicz et al. 2008] or 10-25
[Jedrczak 2007] for the materials feeding bio-
gas reactors; however, the optimal C:N ratio
varies with the type of feedstock to be digested
[Li et al. 2011]. The data presented in table 7
indicate that the C:N ratio in maize stems de-
creased along with an increase in Z-ion dose
added to marginal soil. The C:N ratio in maize
biomass growing on marginal soil supplement-
ed with 5% Z-ion addition was in the range
recommended by Jedrczak, but this parameter
obtained for plants growing on arable soil was
higher than both C:N ratio ranges presented in
literature. The lower value of the C:N ratio in
maize biomass in MS+5% series as compared
to that obtained in AS series resulted from
higher nitrogen content in plant tissue, assur-
edly caused by introducing nitrogen together
with Z-ion substrate into marginal soil.

CONCLUSIONS

On the basis of the results presented herein,
the following conclusions were drawn:

1. Z-ion substrate seems to be an efficient means
for fertilization of degraded or marginal soils —
all its doses introduced into soil influenced the
plant growth advantageously, increasing
above-ground biomass of maize.

2. Under experimental conditions, in the sixth
week of plant growth, a 5% (v/v) substrate ad-
dition to the marginal soil enabled to achieve
the values of vegetation parameters at a level
similar to that of the parameters characterizing
the plant development on arable land. Thus, at
an early stage of plant growth, a 5% substrate
dose can be considered as one allowing a simi-
lar course of maize growing on marginal soil as
in the case of the selected arable soil.

3. At 5% (v/v) substrate dose in soil, the C:N ra-
tio in maize stems reached the value of 13.05,
at which the plant biomass is the feedstock
that should ensure the fairly proper course of
methane fermentation supplying fuel in the
form of biogas.
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