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The Effect of Digestate from Biogas Plants Alone and
with the Addition of Biochar and Zeolite on Soil
Properties and Sorghum Yield
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This article examines the effect of digestate from biogas plants, as well as
its combinations with biochar and zeolite, on soil properties, sorghum
yield, and heavy metal accumulation. The experiment was carried out in
an experimental field in Czeslawice (Poland). The results showed that the
incorporation of digestate increased the organic matter content, improved
the availability of nutrients (nitrogen, phosphorus, potassium), and
improved the soil pH. The addition of biochar was demonstrated to support
the stabilization of nutrients and limit the bioavailability of heavy metals. In
contrast, zeolite has been observed to enhance the mineral content of the
soil, although it has also been noted that this can result in an increase in
sodium and heavy metal content. The highest sorghum biomass
production was obtained in soils with digestate from biogas plants and
biochar, while the addition of zeolite reduced the yield. Therefore, the
study confirmed that natural additives have different effects on the sail.
The utilization of waste material in agriculture requires monitoring of soil
quality and the judicious selection of organic waste additives. The results
indicate the potential of these additives to promote sustainable agriculture
and the circular economy.
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INTRODUCTION

In the context of the increasing challenges posed by climate change and
environmental degradation, the notion of a circular economy is of paramount importance.
This concept is based on the principles of minimizing waste and optimizing the recycling
of waste. Consequently, there has been significant progress in the management of organic
waste.

Moreover, the European Council Directive on waste landfilling stipulates that the
European Union countries must formulate a strategy for the gradual reduction of the
amount of organic waste in landfills. This directive is underpinned by the overarching
objective of mitigating the adverse environmental impacts of organic waste, with a
particular emphasis on reducing greenhouse gas emissions (Council of the European Union
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1999). The most common methods of managing organic waste are methane fermentation
and composting. However, these processes also produce a significant amount of waste:
digestate and compost. As the number of biogas and composting plants increases, so does
the amount of digestate and compost (Wei et al. 2021). Agriculture plays the most
important role in the management of fermentation and composting residues. The utilization
of diverse organic waste materials in agriculture, including digestate, plant residues,
manure, and kitchen waste, or their combinations as soil fertilizers, has been evaluated.
The use of digestate, a nutrient rich by-product characterized by its abundance in nitrogen,
phosphorus, calcium, potassium, and magnesium compounds, has been shown to improve
the soil nutrient content. Mayerova et al. (2023) demonstrated that the incorporation of
digestate into the soil resulted in a reduction in bulk density and an improvement in water
retention capacity. As demonstrated by Moller and Muller (2012), digestate has been
shown to increase the organic matter content to a degree comparable to that of commonly
used pig and cow manure.

However, the carbon content of digestates (from 30 to 50% dry matter) is lower
than that of manure (from 20 to 40% dry matter) because manure contains unprocessed
organic matter, while digestates are a product of fermentation, where some of the carbon
has been converted into biogas (methane and carbon dioxide). Consequently, research is
underway to investigate the potential for incorporating carbon-rich waste into digestates.
One such waste material that has been identified as a potential additive is biochar. Biochar
is produced from biomass through a process known as pyrolysis. Biochar has been
demonstrated to possess exceptional sorption properties. The presence of organic carbon
in biochar makes it a suitable soil additive. Biochar has been shown to improve soil
structure, increase its capacity to retain water and nutrients, and promote the proliferation
of soil microorganisms. Furthermore, the use of biochar in soil has the potential to
contribute to carbon sequestration, that is, long-term storage of carbon, which is a favorable
outcome from the perspective of climate change (Osman et al. 2022).

However, field experiments have shown mixed results. For instance, Udall et al.
(2017) obtained lower wheat yields with the addition of biogas and digestate compared to
fields where only digestate was used (Kizito et al. 2019). These outcomes may be
influenced by the chemical variability of organic waste, which remains a significant
limitation in its agricultural use. Organic waste can contain heavy metals or pesticide
residues that may accumulate in soils and crops (Seo et al. 2019; Ma et al. 2020).

A significant limitation in the utilization of organic waste is its variable chemical
composition; it can contain heavy metals or pesticide residues that can accumulate in soils
and crops (Seo et al. 2019; Ma et al. 2020). The solution to this problem may be found in
the addition of other wastes that are characterized by high porosity, such as biochar or
zeolites. In a study by Gtiab et al. (2021), the effects of biochar and zeolite used to remediate
soils contaminated with toxic heavy metals were examined. The study demonstrated that
biochar produced from willow biomass at 550 °C (B550) exhibited a higher specific surface
area (2.01 m?-g ') and carbon content (795 g-kg™! DM) compared to biochar produced at
350 °C (B350), which had a surface area of 1.36 m?g . Furthermore, the study revealed
that while biochar alone had limited effect on grass productivity, the application of zeolite
(15 t-ha') significantly enhanced aboveground biomass yields, particularly in
contaminated soils, with the highest yield of tall fescue reaching up to 0.485 kgDM-m2
annually under the B550 treatment, and up to 0.519 kg-DM-m2 when combined with
zeolite (Glab et al. 2021). Zheng et al. (2020) showed that the incorporation of rice husk
biochar (pyrolyzed at 400 °C) in conjunction with natural zeolite in a 1:1 weight ratio
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serves as an effective remediation technique for the stabilization and reduced
bioavailability of cadmium, lead, arsenic, and tungsten in contaminated soils, decreasing
their bioavailability by 57.4%, 62.7%, 56.4%, and 22.5%, respectively.

The incorporation of organic waste has been shown to enhance soil quality while
concomitantly increasing the yield and quality of cultivated plants. Numerous studies have
shown that the use of digestates leads to improved crop productivity compared to the
application of animal fertilizers. Witoroec-Piechnik et al. 2021 showed that the application
of digestate (90 kg N ha™) significantly increased the fresh matter yield of sorghum up to
85.4 Mg ha™' compared to 69.3 Mg ha! under mineral fertilization (70 kg N ha™"), while
its effect on maize and triticale fresh yields was not statistically significant (). Barog et al.
(2020) showed that, compared to mineral nitrogen fertilization (NPK), the use of digestate
(20 t ha™! FM annually) led to an increase in the elements N, S, Na, Zn, and Fe in wheat
grains. For instance, the annual nutrient input from digestate included approximately 36.6
kg N ha™, 5.6 kg S ha™', 4.6 kg Na ha™!, 344 g Zn ha™', and 3.43 kg Fe ha™', which were
higher than the respective levels in NPK treatments

While there is a wealth of research focusing on the direct impact of organic waste
on soil and plants, a more detailed understanding of how these wastes affect long-term soil
fertility and plant productivity is needed. Moreover, it is imperative to understand the
interplay between the incorporation of organic waste and the presence of heavy metals in
soil, which have the potential to accumulate and exert an influence on the quality of crops
and the safety of food.

This publication presents the findings of research conducted to assess the impact of
digestate from biogas plants, both as a standalone substance and in conjunction with
biochar and zeolite, on soil characteristics, sorghum yield, and the presence of heavy metals
in both mixtures and plants. The objective of this study is to understand the potential of
these additives in fostering more sustainable and ecological agricultural practices.

EXPERIMENTAL

The following materials were added to the soil: digestate from biogas plants,
biochar, and zeolite, the proportions of which were selected based on a review of the
relevant literature. The experiment was carried out in a random block design with three
replications (Fig. 1). Four soil variants with the additives were tested. The research was
carried out in the year 2021 at the experimental farm located in Czeslawice, which is
affiliated with the University of Life Sciences of Lublin (51°18 '23' N, 22°16'02"), located
30 kilometers from Lublin in western Poland. The experiment included planting sorghum
(Sorghum bicolor L. Moench ssp. bicolor) on the same day the fertilizer was applied, with
the initial harvest on 11 May, followed by the sorghum harvest on 15 September.
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Replications/Plots

ST — control, soil without additives
DT - soil + digestate 5% w/w
DT+B — digestate 5% w/w + biochar 1% w/w
DT+Z — digestate 5% w/w + zeolit 1% w/w

Rep. 1 ST DT DT+B DT+Z
Rep 2 ST DT DT+B DT+Z
10 m
Rep. 3 ST DT DT+B DT+Z
15m 15m 15m 1.5m

Fig. 1. The randomized block design utilised in this research study

The characteristics of the additives and soil used are presented in Table 1 (Cardelli
et al. 2018). The study utilised digestate originating from the Piaski Biogas Plant, which is
situated in the town of Piaski in the Lublin VVoivodeship. The digestate production utilized
raw materials such as maize silage (70%), sugar beet pulp (15%), fruit pomace (5%), dairy
waste (5%), and manure (5%). (Szaja et al. 2021). This installation, owned by Wikana
Bioenergia Sp. J. has been in operation since 2011. The technological process is carried
out in mesophilic conditions, at a temperature of approximately 35 to 40°C. The biogas
plant has an installed capacity of 999 kWe (electric) and 1039 kWt (heat), and its annual
biogas production is approximately 4.25 million m3. It is evident that this process also
yields a sub-par outcome (Koszel et al. 2020).

The experiment utilised biochar produced by Fluid S.A. (Poland). The material
under discussion was formed by means of rapid pyrolysis at a low temperature (300 °C).
This process was carried out on wood chips derived from pine and spruce. The calorific
value of biochar was determined to be 25 MJ-kg™. The production capacity of the plant
was 24 m3 of chips per hour, which is equivalent to the production of up to 2 mg of biochar
per hour per unit (Gruss et al. 2019) The natural zeolite known as clinoptilolite was sourced
from the Dylgéwka deposit (Poland). Dylgéwka zeolite has constituted clinoptilolite
material which was a result of laboratory treatment of clinoptilolite-montmorillonite clay
(Franus 2002).
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Table 1. Characteristics of Materials

Trait Tested Biochar Digestage Zeolite
pH 6.6 6.91 7.2
TOC (%) 53.8 4.80 0.5
TN (%) 0.12 0.61 0.09
K* (cmol - kg-1) 5.10 12.48 -
Mg2* (cmol - kg-%) | 1.80 0.62 -
Ca?* (cmol - kg-1) | 30.5 0.75 -

Pb (mg - kg-1) 1.57 0.5 -
Mn (mg - kg-1) 29.7 2.05 -
Cu (mg - kg- 0.50 0.45 -

Zn (mg - kg-1) 13.04 1.94 -
Cd (mg - kg-) 2.0 0.05 -

The determination of selected parameters was

carried out in soil samples and

sorghum leaves, according to the standards delineated in Table 2.

Table 2. Research Methods Used in this Study

Parameter Sail Leaves Device Standard
pH + - ORION multimeter PN-ISO 10390: 1997 P
model: VERSA STAR Soil Quality, Determination
of pH 1997
Electrical + - ORION multimeter PN-EN 27888:1999 Water
Conductivity model: VERSA STAR quality - Determination of
(EC) electrical conductivity
Organic + - Electric muffle furnace PN-EN 15935:2013-02
matter (OM) FCF 2,5S made by Sludge, treated biowaste,
Czylok with SM-946 soil and waste -
electronic controller and determination of loss at
temperature display ignition 2013
(Warsaw, Poland)
Total + - RC 62 LECO apparatus
organic (LECO, St Joseph, MO,
carbon USA)
(TOC)
Total + - KjeltecTM 8200 Foss Kjeldahl method
nitrogen Tecator system (Foss,
(TN) Hogans, Sweden)
Available + - ICP MS Triple Quad PN-R-04023:1996 - Soil
Phosphorus spectrophotometer Agricultural Chemical
P20Os / (Agilent 8900) Analysis - Determination of
avilable available phosphorus in
mineral soils
Available + - ICP MS Triple Quad PN-R-04022:1996
Potassium spectrophotometer Chemical and agricultural
K.O/ (Agilent 8900) analysis — Determination
avilable of the content of
potassium available in
mineral soils
Available + - ICP MS Triple Quad PN-R-04020:1994 /
Magnesium spectrophotometer Az1:2004 Agricultural
Mg/avilable (Agilent 8900) chemical analysis of the

soil: determination of
available magnesium
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Metals: + + ICP MS triple quad Direct calibration models.
Cd and Cr. spectrophotometer The samples of
Cu. Ni, Pb, (Agilent 8900) homogenized soil (1 g)
Zn and sorghum leaves (0.1

g) were digested in an acid
mixture of HNOs: HCI (1:3)
were digested in HNOs (3
mL) in a microwave
system (Multiwave 3000,
Anton Paar). The digestion
process lasted for about
45 min at 180 °C and at a
pressure of 18 bars.

The yield assessment was carried out during the last week of September. The dryer
method was used to determine the dry mass yield of the plants. At the end of September,
the sorghum was harvested in the milky maturity stage (after 160 days of BBCH 73-77
vegetation), at a stubble height of approximately 10 cm. Samples for laboratory
determination were taken from an area of 1 m? of each plot, in 3 repetitions (corresponding
to approximately 8 to 10 sorghum plants). The samples were weighed in their fresh state
and subsequently dried in the vegetation hall to a dry mass state of approximately 13%. At
this point they were weighed once more. In the laboratory, the plant samples were
categorized into stem, leaf, and panicle, and the resulting material was subjected to
crushing for the purpose of laboratory analysis.

Assessment of the accumulation of specific heavy metals translocated from the soil
to the plant was carried out using the bioconcentration factor (BCF), according to Eq. 1,

_PC
BCF =< 1)

where PC denote the concentration of the heavy metals on within the leaf tissue of sorghum
(mg -kg™)), and SC represents the concentration metals within the soil matrix (mg- kg™)
(Abreu et al. 2012).

Netty (2013) defined the following classification of BCF values: values greater than
1 are indicative of hyperaccumulation of a particular element within a plant; values
between 0.1 and 1 indicate moderate accumulation; and values ranging from 0.01 to 0.1
reflect a low level of accumulation.

Statistical Analysis

The data underwent statistical analysis using a parametric test, namely one-way
analysis of variance (ANOVA) with Tukey's test. The Statistica 13.1 software package
(Lublin University of Technology license) was used for this purpose. The letter indicators
provided at the average value of particular parameters considered in the ANOVA test
indicate statistically homogeneous groups (Tukey homogeneous groups). The presence of
the same indicator is indicative of the absence of statistically significant differences
between them.
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RESULTS AND DISCUSSION

Soil pH and Electrical Conductivity (EC) Changes

The introduction of waste material induced statistically significant alterations in the
pH and conductivity of soil samples (Table 3). Incorporation of digestate (DT) was
observed to result in a notable increase in the pH level to 6.7. After the addition of waste,
a shift in the pH of the solution was evident, with the pH of the application becoming
slightly acidic. The pH values recorded in this study ranged from 5.5 to 6.5, indicating
conditions that were conducive to the growth of plants that are able to tolerate slightly acid
environments (Kunhikrishnan et al. 2016).

In the case of the pH value for digestate addition, the highest conductivity value
was recorded, reaching a maximum of 52.7 pS-cm™. The addition of biochar to the
digestate has been shown to reduce the EC value to 24 pS-cm™. In contrast, digestate with
zeolite exhibited an EC value of 34.8 uS-cm™. The results of the Tukey test indicate that
all EC values were statistically significant. The CE value on the plots after taking into
account soil salinity according to Jackson allowed for the classification of these as
“moderately saline” (22 to 64 puS-cm™) (Nkoh et al. 2022). It is imperative to select plants
with a high frequency for salinity, as waste plots may pose a threat to plant life (Muhammad
et al. 2024).

Table 3. Characteristics of Materials EC and pH Values in Tested Plots

Plots pH EC
(uS-cm™)
ST 6.1a 19.24+0.12a
DT 6.7b 52.7+1.07b
DT+B 6.6b 24+1.20c
DT+Z 6.4c 34.8+0.10d

The presence of the same indicator is indicative of the absence of statistically significant differences
between them.

The increase in soil pH and electrical conductivity (EC) can be attributed to the
high organic carbon content. The decomposition of organic matter has been shown to result
in the release of organic acids and other compounds, which in turn can influence the pH of
the soil. As demonstrated by Pinheiro et al. (2014), the incorporation of organic residues,
such as those derived from chicken and quail manure, has been shown to possess
considerable potential in correcting soil acidity, thus resulting in an increase in pH levels.

Organic Carbon, Nitrogen, and C:N Ratio in Tested Plots

Statistical analysis indicates that the values of carbon and nitrogen in the soil in the
plots studied vary significantly depending on the type of waste used (Fig. 3). The content
of organic carbon in the soil is a crucial indicator of its quality and its ability to sequester
carbon, and the content of organic matter is a fundamental indicator of soil fertility. Higher
levels of organic matter are generally associated with improved soil quality, which in turn
supports increased plant growth.

The highest concentrations of carbon (1.76%) and organic matter (2.34%) were
observed in soil with digestate and biochar. The Tukey test revealed that the carbon and
organic matter concentration in the soil without additives did not differ significantly from
the carbon concentration in the DT and DT+Z plots, but it was significantly lower than in
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the DT+B plot. The values of the waste plots were approximately 1.2 times higher than in
the non-additive plot. Here the carbon content was 1.45% and OM = 2.03%. Incorporation
of digestate and digestate with biochar led to the achievement of values for organic matter
and organic carbon in the recommended plots for arable soils, defined as SO=2-2.6%,
C=1.3-1.5%. The carbon content in the soil with digestate and biochar confirmed that the
addition of biochar increased the content of stable forms of carbon in the soil.

Subsequent analysis of the nitrogen content revealed that the soil sample with the
highest nitrogen concentration was the one treated with digestate, as determined by Tukey's
test. This concentration was found to be statistically different from the nitrogen values
obtained in the other plots. For agricultural soils, the recommended nitrogen content is as
follows: >0.15% in fertile soils, <0.1% in other soils. The incorporation of digestate into
soils was shown to result in a substantial increase in nitrogen content (1.59%), which
exceeds the requirements for fertile soils. This finding serves to confirm that digestate from
biogas plants is a substantial source of nitrogen while simultaneously indicating a low
nitrogen content. The incorporation of biochar and zeolite was found to result in a decrease
in nitrogen content, reaching levels lower than those found in soils without additives. Soils
with digestate and biochar (0.095%) and digestate and zeolite (0.09%) demonstrated a
remarkably low nitrogen content.
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Fig. 2. Carbon, nitrogen, organic matter, and C:N ratio values in the studied plots. The presence of
the same indicator is indicative of the absence of statistically significant differences between them.

Sepaskhah and Yousefi (2007) demonstrated that zeolite, through the adsorption
process of ammonium ions, reduced the availability of nitrogen for microorganisms
responsible for nitrification. Biochar can bind nitrogen in its structure, reducing its amount
in mineral form (available for plants easily) (Zhang et al. 2021a). However, due to the
limitation of nitrogen availability, such mixtures may be less effective in short-term soil
improvement. The low nitrogen content of these mixtures underscores the necessity for the
application of additional nitrogen fertilizers.

The carbon to nitrogen ratio is a critical factor in determining the balance of
nutrients within the soil. The soil with the addition of digestate showed the lowest C:N
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ratio of 1.04 compared to the soil without additives. Such a low C:N ratio may indicate an
excess of nitrogen in relation to carbon, which may lead to its rapid mineralization and
nitrogen losses, as well as disturbances in the dynamics of nutrient decomposition
(Jackowska and Olesiejuk 2004). However, the C:N ratio in the DT+B and DT+Z plots
was approximately 1.5 times higher than in the soil without additives, where it reached a
value of 13.2. The carbon to nitrogen (C:N) ratio in well humified organic matter is
approximately 10 (Hoffmann et al. 2019). The addition of biochar and zeolite resulted in
an elevated ratio, indicating a higher proportion of stable carbon, which promotes long-
term soil improvement, but in the short term can limit nitrogen availability (Leite et al.
2017).

Assessment of nitrogen availability and interpretation of the carbon-to-nitrogen
ratio in soils enriched with biochar requires special consideration due to the specific nature
of the carbon present in biochar. Conventional composting methodologies place
considerable emphasis on the regulation of the C:N ratio, with the objective of maximizing
microbial activity and facilitating decomposition. However, when biomass is converted to
biochar through pyrolysis, most of its carbon content becomes resistant, chemically stable,
and largely unavailable for use by microorganisms in the short- and medium-term
timeframes (Lehmann et al. 2011; Bolan et al. 2024). While biochar has been demonstrated
to contribute substantially to an increase in total carbon, a significant proportion of this
carbon is not bioavailable. Consequently, the actual C:N ratio relevant to microbial
processes is lower than that calculated from total concentrations of C and N alone. Research
by Bolan et al. (2024) highlights that unstable carbon fractions, such as dissolved organic
carbon and volatile organic compounds, play a more significant role in microbial dynamics
than total carbon content. A high C:N ratio in biochar-containing mixtures has been shown
to yield erroneous conclusions regarding nitrogen deficiency, given that the actual
bioavailable C:N ratio is considerably lower. Furthermore, biochar has been demonstrated
to stabilize natural organic matter in the soil, thereby reducing the rate of mineralization
(negative priming effect) (Weng et al. 2020). It is evident that biochar has a substantial
impact on total soil organic carbon, though its effect on the bioavailable carbon pool is
constrained and subject to variation.

Availability of Nutrients: Phosphorus, Potassium, and Magnesium in Tested
Plots

The application of additives has been shown to exert a statistically significant effect
on the content of bioavailable phosphorus, potassium, and magnesium in the soil (Fig. 3).
The highest recorded value of available phosphorus was observed in soil treated with
digestate, 30.9 mg-kg™?. The results obtained were then compared to the soil richness
standards specified by the Institute of Cultivation, Fertilization, and Soil Science (IUNG)
in Pulawy (Hoffmann et al. 2019). The digestate soil can be classified as soils with high
phosphorus content (according to ITUNG P >30 mg-kg™). Soil samples treated with
digestate in combination with biochar and zeolite exhibited phosphorus levels of 28.4 and
26.5 mg-kg?, respectively. These plots can be classified as soils with medium phosphorus
content (according to IUNG 15-30 mg kg™).
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Fig. 3. Nutrient availability in the studied plots. The presence of the same indicator is indicative
of the absence of statistically significant differences between them.

Soil with the addition of biochar digestate demonstrated the highest bioavailable
potassium value (39.3 mg-kg™?). The soil treated with digestate and digestate in conjunction
with zeolite exhibited bioavailable potassium concentrations approximately double those
observed in soil lacking additives, reaching 9.8 and 17.7 mg-kg™, respectively. Tukey’s
test revealed statistically significant differences in the values of bioavailable phosphorus
and potassium among the tested plots. Consequently, it can be concluded that soil
containing digestate and biochar is classified as soil with elevated potassium levels
(according to IUNG >20 mg-kg™?). In contrast, soil containing digestate and zeolite
exhibited medium potassium levels (IUNG 10-20 mg-kg™). The remaining mixtures tested
were found to have a low potassium content (less than 10 mg-kg™) (Hoffmann et al. 2019).

The soil with the addition of post-fermentation with zeolite exhibited the highest
concentration of bioavailable magnesium (7.4 mg-kg™), and a similar value (7.1 mg-kg™)
was recorded for the soil with the addition of post-fermentation and biochar. Tukey’s test
confirmed that the magnesium concentrations in these mixtures were statistically
significantly different from those in the others. The magnesium content in all the tested
plots (an average of 5 to 10 mg-kg™ according to IUNG) is sufficient; however, none of
the additives was able to significantly increase magnesium levels (Hoffmann et al. 2019).

Studies indicate that incorporating additives like biochar and zeolite into digestate
applications boosts their efficiency by enhancing the availability of nutrients such as
phosphorus, potassium, and magnesium. According to research conducted by Sharma et
al. biochar can improve the absorption of nutrients by plants, leading to significant
increases in biomass yields in crops like wheat (Sharma et al. 2023). In a similar study
conducted by Kocatiirk-Schumacher et al. (2019), the potential for nutrient recovery from
the liquid part of digestate using zeolite and biochar enriched as nitrogen fertilizers was
explored. The findings suggest that digestate supplies nutrients, whereas biochar aids in
their gradual release. The research shows that zeolite improves nutrient retention, leading
to better plant growth and nitrogen absorption when compared to digestate nutrients
enhanced with biochar (Kocaturk-Schumacher et al. 2019).
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Content of Alkaline Elements in Tested Plots

Figure 4 shows the content of alkali metals in the tested soil mixtures. The
application of soil additives resulted in a substantial increase in the concentrations of Mg,
Na, K, and Ca in the treated plots compared to the control soil, which may be attributable
to dilution or leaching of nutrients. The concentration of alkali metals was approximately
1.5 times higher in the soil treated with additives compared to the control soil. Statistical
analysis reveals that the content of alkali metals in the tested plots differed significantly
from each other.
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Fig. 4. Alkali metal content in the plots studied. The presence of the same indicator is indicative of
the absence of statistically significant differences between them.

The incorporation of digestate into the soil increased the content of alkaline
elements. Digestate was found to have a significant impact on the levels of calcium and
phosphorus, with increases of 57.9% and 47.9%, respectively. However, the effect was
found to be less pronounced in comparison to that observed in mixtures with biochar or
zeolite. This phenomenon may be attributable to the accelerated mineralization of the
components present within the digestate, thereby resulting in their immediate
bioavailability.

The combination of digestate with biochar also significantly improved the levels of
the alkaline elements analyzed. An increase in potassium content of 73.4% and in
phosphorus content of 69.3% was observed in comparison with the control soil. Biochar
has been shown to function as a nutrient reservoir, thereby stabilizing nutrients within the
soil matrix and curtailing their leaching. It has been shown to improve the efficiency of
fertilization and promote plant growth (Ding et al. 2016). The improved availability of Mg
and K has a beneficial effect on photosynthesis, water management in plants, and
strengthening their structure, which in turn results in higher yields and better plant quality
(Trénkner et al. 2018).

The addition of zeolite (DT+Z) was found to exert the most significant effect on
the increase in the concentration of alkaline elements, especially Na and K. The
incorporation of zeolite resulted in a more than twofold increase in magnesium and
phosphorus content in comparison with the control soil. A significant increase was
observed in the levels of potassium (132.0%), calcium (117.4%), and sodium (158.3%).
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Such substantial increases can be attributed to the sorption and exchange capacity of
zeolite, which, due to its substantial specific surface area and microporous structure,
effectively retains and makes available macronutrient ions. The present findings
corroborate earlier reports that indicated the beneficial effect of zeolites on enhancing soil
fertility and chemical quality (Glgb et al. 2021). Zeolite is characterized by its ability to
retain water and nutrients in the soil, making them longer available to plants (Cataldo et al.
2021). The high K content supports plant metabolic processes, thus improving their
resistance to environmental stresses, including drought and cold (Hasanuzzaman et al.
2018). In contrast, the increased amount of Ca improves soil structure, promotes root
development, and increases the resistance of plants to diseases (Jing et al. 2024). However,
the addition of zeolite resulted in an increase in sodium concentration (by 158% compared
to soil without additives). An excess of sodium in soil is detrimental to plant life, as sodium
competes with other cations, such as potassium, to participate in metabolic processes. This
has the potential to disrupt the equilibrium of ions within the soil, which can hinder the
growth and development of plants (Kronzucker et al. 2013). Therefore, it is vital to use the
correct dose of zeolite when introducing it into soil, to avoid excessive sodium growth.

Heavy Metal Accumulation in Tested Plots

As demonstrated in Fig. 5, the application of these additives resulted in a substantial
increase in the total metal content within the designated plots. It should be noted that the
concentrations of these additives were lower than the specified concentration limits for
mineral-organic substrates, as outlined in the Regulation of the Minister of the
Environment of September 1, 2016, concerning the method of assessing the contamination
of the earth’s surface (Ministry of the Environment 2016). The concentration limits
specified in this regulation are 50 mg-kg* for As, 600 mg-kg™* for Ba, 5 mg-kg™ for Cd,
300 mg-kg* for Cu and Ni, and 500 mg-kg™ for Cr, Pb, and Zn.

Incorporation of digestate into the soil resulted in a statistically significant increase
in the concentrations of the metals investigated compared to the soil that had not been
treated with additives. The use of digestate alone resulted in a significant increase in the
content of all analyzed metals: Pb by 72.7%, Zn by 80.0%, Ni by 35.3%, Cr by 45.5% and
Cu by 20.5%. The most substantial increases in metal concentrations were observed for
zinc and lead, while the least significant increases were observed for copper. Baldasso et
al. (2023) demonstrated in their study that the use of digestate from unsegregated organic
waste did not result in the elimination of heavy metals from the soil. However, due to their
limited mobility and bioavailability, the majority of heavy metals remained bound to the
surface layers of the soil, thus reducing the risk of contamination of its deeper layers
(Baldasso et al. 2023). Nikolaidou et al. (2024) demonstrated that in digestate-fed soil,
elevated concentrations of heavy metals such as copper and manganese were observed.
However, these concentrations did not exceed acceptable standards for the agricultural
environment, as evidenced by the present studies (Nikolaidou et al. 2024).
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Fig. 5. Heavy metal content in the tested plots. The presence of the same indicator is indicative
of the absence of statistically significant differences between them.

The addition of biochar did not result in a statistically significant alteration in the
concentration of the metals under investigation compared to the soil containing digestate.
Compared to the soil without additives, the addition of biochar with digestate showed an
even higher increase in Cr (71.1%) and Ni (54.7%) contents, with a moderate increase in
Pb (49.4%) and Cu (16.3%). The Zn value remained almost unchanged, suggesting that
biochar can partially stabilize this element in the soil. Biochar, a widely recognized
sustainable soil amendment, has been shown to be an effective tool for immobilizing heavy
metals in soil through both direct mechanisms (e.g., adsorption, ion exchange,
complexation and precipitation) and indirect mechanisms (by altering soil properties) (Ali
et al. 2019; Zhang et al. 2021b). The immaobilization process of heavy metals is facilitated
by the characteristics of biochar, including its substantial specific surface area and the
presence of functional groups (e.g., -COOH, -OH), which bind heavy metals in less
bioavailable forms. Xue et al. (2021) demonstrated that the incorporation of biochar
derived from fruit tree residues led to a reduction in the bioavailability of metals, including
Cu, Zn, and Cd, a phenomenon attributable to immobilization processes. In the case of the
highest doses: Specifically, the combination of 3 kg-m biochar and 8 kg-m digestate led
to a 52.1% reduction in bioavailable cadmium, a 35.3% reduction in bioavailable copper,
and a 22.6% reduction in bioavailable zinc compared to digestate alone (Xue et al. 2021).
The effectiveness of biochar in the presented studies may be limited by the short duration
of the studies. The extant literature suggests that the performance of biochar in heavy
metal-contaminated soils may require a longer incubation period in order to facilitate a
comprehensive evaluation of their sorption potential (Yaashikaa et al. 2020).

The most significant alterations were detected following the utilization of a
combination of digestate and zeolite. A substantial increase in the content of Cr was
observed, reaching 138.4% of the control group. Similar increases were noted for Ni
(96.7%), Pb (100.4%), Cu (58.7%), and Zn (38.0%), indicating a significant enhancement
in the presence of these additives. The findings of this study suggest that zeolite has the
potential to complex and retain metals in soil, but they also indicate that it may increase
the total availability of these metals. Further research is required to determine the extent of
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this effect. The concentration of metals in this plot was found to be statistically significantly
higher than in the other plots. Zeolite is distinguished by its high ion exchange capacity
and substantial specific surface area, suggesting that it can immobilize and restrict the
mobility of heavy metals within soil solutions (Kukowska and Szewczuk-Karpisz 2024).

The findings indicate that the application of all combinations of additives results in
an increase in the total content of the heavy metals analysed in the soil. This effect is most
pronounced following the utilization of digestate and zeolite. The observed variations in
remediation material effectiveness can be attributed to the diverse mechanisms of action
exhibited by these materials, including sorption, complexation, and alterations in soil pH.
However, it is important to note that the increase in the concentration of metals after the
addition of materials to soil does not necessarily imply that these metals are fully
bioavailable to plants. The experimental results corroborate these properties — despite the
increase in the total content of heavy metals in the soil, the concentrations of metals in
sorghum leaves were low and the BCF coefficient for sorghum remained below 1, which
indicates the lack of significant bioavailability of these metals and their limited
accumulation in plant tissues.

Sorghum Yield Response

The type of additive employed has a significant impact on the fresh and dry mass
of sorghum plants, as illustrated in Table 3. Statistical analysis indicates that the maximum
dry and fresh mass of sorghum plants was achieved in soils containing digestate and in
soils containing digestate and biochar. In contrast, the lowest values for these parameters
were recorded in soil with digestate and zeolite.

Table 3. Fresh and Dry Weight of Sorghum Plants Collected during Harvest from
the Studied Plots

Plots Fresh Mass (kg-m) Dry Mass (kg-m2)
ST 3.02b 1.32b
DT 5.44a 2.46a

DT-B 5.40a 2.40a

DT-Z 4.94b 2.24b

An examination of pertinent studies shows that utilizing diverse digestates from
different origins has demonstrated an increase in crop yields (Jimenez et al. 2020; Bonet-
Garcia et al. 2023). According to Walsh et al. (2012), grasses that were enhanced with
liquid digestate achieved yields that were comparable to or exceeded those obtained with
inorganic N or NPK fertilizers. Altering biochar derived from municipal sewage sludge
enhances the fertility of poor urban soils as well as the nutrition and growth of turfgrass
(Yueetal. 2017). The interaction between organic wastes introduced into the soil has been
shown to contribute to increased yields. Notwithstanding the numerous benefits of using
waste mixtures, the key challenge remains to optimize application rates and assess the long-
term impact on both soil quality and crop productivity.

Heavy Metal Uptake by Sorghum and BCF Values

The introduction of digestate, biochar, and zeolite to soils results in increased
mobility and accumulation of heavy metals in plants. Therefore, the concentration of heavy
metals in the sorghum leaves was determined. The type of soil amendments significantly
changed the content of heavy metals in plants (Fig. 6). Arsenic and chromium
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concentrations in sorghum leaves did not differ significantly between the soil mixtures
tested, while barium, cadmium, copper, nickel, lead and zinc concentrations varied
depending on the type of soil amendments. The lowest concentrations of chromium and
copper were observed in sorghum leaves cultivated in soil with the incorporation of
digestate. The highest concentrations of heavy metals were observed in leaves grown in
digestate plots.

The addition of the tested materials to the soils resulted in an increase in the
cadmium content of the sorghum leaves. Furthermore, the addition of digestate led to a
twofold increase in cadmium concentration, while the other additives caused a threefold
increase in the concentration of cadmium in the sorghum leaves. In sorghum leaves grown
on a plot with digestate, the concentrations of Zn (up to 39.28 mg-kg™) and Cu up to 9.91
mg-kg* increased slightly. A plot of digestate and biochar proved to be the most effective
in reducing metal uptake by sorghum plants. The concentration of lead and copper in
sorghum leaves on this plant decreased by about 35%, zinc by 71% and nickel by 10%,
compared to the concentration of these metals in sorghum leaves grown on soil without
additives. In sorghum leaves grown on a plot with digestate and zeolite, the highest
concentrations of Zn (41.60 mg-kg™), Pb (0.70 mg-kg™) and Ni (2.38 mg-kg™) were
recorded, which may indicate increased mobility of these elements.

The metal accumulation capacity of sorghum was assessed using the BCF
coefficient (Table 4). All BCF values are less than 1, suggesting that there is no excessive
accumulation of heavy metals in the sorghum leaves in the tested soils compared to their
concentrations in the soil. The BCF values of cadmium and lead do not differ statistically
significantly from each other. The application of digestate in conjunction with biochar and
zeolite resulted in a reduction in the BCF values for barium, chromium, and nickel. The
soil treated with digestate, and biochar exhibited the lowest BCF values for the tested
metals, suggesting its efficacy in reducing the bioavailability of heavy metals.
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Fig. 6. Heavy metal content in sorghum leaves
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Table 4. BCF Values Obtained in the Studied Plots

Plots BCF As BCF Cd BCFCr | BCFCu BCF Ni BCF Pb BCF Zn
ST Oa 0.46a 0.08a 0.48a 0.078c 0.012a 0.58a
DT 0.02b 0.30a 0.11a 0.62b 0.093b 0.027a 0.31b

DT+B 0.01b 0.29a 0.06b 0.31c 0.055c1 0.0088a 0.158c

DT+Z 0.009b 0.21a 0.05b 0.35c 0.064c 0.015a 0.39b

Plants cultivated in amended plots do not exhibit the characteristics of
hyperaccumulators and do not pose a direct threat to the food chain, as indicated by BFC
values below one. Afzal et al. (2024) investigated the effect of biochar, zeolite, and
bentonite — used individually and in combination — on soil properties and Pb and Zn
concentrations in Zea mays L. plants. The study findings indicated a substantial decrease
in Pb and Zn concentrations in the soil after harvest, along with a low value of BCF in soils
with elevated heavy metal content (Afzal et al. 2024).

DISCUSSION

The incorporation of biochar and zeolite into the soil has been shown to increase
the total metal content but concomitantly to reduce the bioavailability of these metals in
sorghum plants.

Consistent outcomes were attained in additional experiments, wherein, despite the
documented surge in total concentrations of heavy metals in the soil following biochar
application, metal fractions — encompassing water-soluble, exchangeable, and bound to
organic matter — diminished, consequently curtailing their bioavailability and constraining
metal uptake by plants.

For instance, in the study by Sun et al. (2020), which was conducted in columnar
experiments using soils of varying types (sandy, clayey and chernozem), it was
demonstrated that biochar was effective in reducing the content of Cd and Pb exchange
fractions in the soil, while increasing their share in the residual fractions — which are
considered the most stable. In the case of sandy soil, as much as 100% of Cd and 95% of
Pb were transformed from exchangeable fractions to residual fractions, which clearly
indicates a strong effect of metal immobilization. Of particular significance was the
observation that the concentrations of Cd and Pb in water extracts diminished by 89 to
95.7% and 93.2 to 99.3%, respectively, in comparison with the control sample.

In contrast, Zhang et al. (2021) conducted a two-year field experiment on two types
of tobacco-growing soils, using different doses of biochar (up to 40 Mg-ha™). Despite the
presence of cadmium (7.63 mg-kg™) in biochar derived from tobacco stalks, no escalation
in cadmium accumulation was observed in plant specimens. Furthermore, the content of
mobile Cu, Ni and Pb forms in the soil decreased in a statistically significant way with the
increase in the dose of biochar. The observed effects were attributed to the processes of
adsorption, ion exchange, complexation, and precipitation of metals on the biochar surface.
The authors also emphasize that the effectiveness of immobilization is contingent upon the
pH of the soil — in acidic soil, the effect is more pronounced for Cu and Ni, while in soil
with neutral pH, Pb stabilization is more effective.

The effectiveness of biochar in reducing the bioavailability of metals has been
corroborated by experimental research in planta. In their study, Ibrahim et al. (2022)
demonstrated that biochar derived from Casuarina wood, utilized at a concentration of 4%,
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led to a reduction in metal concentrations in the aboveground parts of pumpkin plants by
more than 80% in comparison with a control sample.

These results indicate that the addition of biochar to soil systems does contribute to
a certain number of metals, but that these metals are converted into less bioavailable forms,
thereby significantly reducing their toxic impact and the risk of transfer to plants.

As demonstrated by numerous studies, biochar has been shown to bind heavy metal
ions effectively through a variety of physicochemical mechanisms, including surface
adsorption, ion exchange, complexation, and precipitation (Kavitha et al., 2018). The
structure of biochar facilitates robust electrostatic interactions with metal cations, while the
presence of negatively charged functional groups fosters the formation of stable
organometallic complexes, thereby resulting in the permanent immobilization of metals
within the soil matrix. Furthermore, the alkaline nature of biochar (particularly produced
at elevated pyrolysis temperatures) has been demonstrated to increase soil pH, thereby
reducing the solubility of metals such as Cd, Pb, Zn, and Cu through the precipitation of
these metals in the form of poorly soluble hydroxy- or carbonyl complexes. The high
structural stability of biochar, coupled with its prolonged residence time in the soil
environment, ensures the longevity of these effects, thereby contributing to a sustainable
enhancement in the quality of degraded and heavy metal-contaminated soils (Kavitha et al.
2018; Subramanian et al. 2024). Furthermore, biochar functions not only as a sorbent of
metals, but also exert an indirect effect on their availability by modifying the
physicochemical properties of the soil. This results in an increase in the content of organic
matter, an improvement in the structure of soil aggregates, and a stimulation of the activity
of microorganisms that can promote the immobilization of metals through bioprecipitation
and biosorption (lbrahim et al. 2022; Sun et al. 2020).

In the case of natural zeolites, such as clinoptilolite, the immobilization efficiency
of metals such as Pb, Cd, Ni, Zn, and Cu has been confirmed in numerous publications.
The mechanisms responsible for metal immobilization in the presence of zeolites include
ion exchange, surface sorption, as well as surface co-precipitation processes (Castaldi et
al., 2005; Mondales et al. 1995; Belviso 2020). Li et al. (2009) demonstrated that the
incorporation of 20 g kg™! of zeolite into soil contaminated with Pb (2000 mg kg™!) resulted
in a reduction of lead concentration in rapeseed shoots by up to 30% in comparison with
soil that is significantly contaminated.

Concurrently, the findings of certain studies remain inconclusive. Boros-Lajszner
et al. (2017) observed the limited effectiveness of clinoptilolite in the remediation of nickel
in silty soils, a phenomenon that may be associated with the selectivity of this mineral for
various metals (Pb > Cd > Cs > Cu(ll) > Co(ll) > Cr(lll) > Zn > Ni(ll) > Hg(ll)) and the
textural characteristics of the soil.

The effectiveness of zeolites in metal immobilization can be enhanced by
physicochemical modifications, such as the use of humic acids (Shi et al., 2009), or
structural modifications. As demonstrated by Hasanabi et al. (2019), the implementation
of a modified nano-zeolite resulted in a reduction of 33.2% and 46.7% in the concentrations
of lead (Pb) and cadmium (Cd), respectively, in plant shoots.

In the presented studies, the amalgamation of digestate and zeolite has been found
to result in an increase in metal concentrations within the soil matrix, a phenomenon
attributable to the dissolution of heavy metal complexes. Digestate contains organic
compounds, such as humic acids, which have the ability to dissolve metals from mineral
particles in the soil or zeolite. Furthermore, an ion exchange process may occur.
Specifically, the ammonium ions present in digestate could displace heavy metals that are
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adsorbed to the surface of the zeolite, thereby facilitating their migration into the soil
solution (Kovai et al. 2022). The results demonstrated an increase in the total content of
heavy metals in the soil (particularly in the zeolite plot), yet the BCF values for the sorghum
plant cultivated in the plots with various additives were below 1, indicating the limited
bioavailability of these metals and their minimal accumulation in plant tissues.

The results demonstrated an increase in the total content of heavy metals in the soil
(particularly in the zeolite plot), yet the BCF values for the sorghum plant cultivated in the
plots with various additives were below 1, indicating the limited bioavailability of these
metals and their minimal accumulation in plant tissues.

The observed changes in soil properties and plant responses can be explained by
the physicochemical characteristics and interactions of biochar and zeolite within the soil
matrix.

Biochar, due to its porous structure, high surface area, and abundance of oxygen-
containing functional groups (e.g., -COOH, —OH), acts as a sorbent that retains nutrients
and water. The immobilization of heavy metals is achieved through the mechanisms of
adsorption, complexation and precipitation, thereby reducing their bioavailability.
Furthermore, the contribution of this process to increasing soil pH and organic carbon
supports microbial activity and nutrient cycling, thereby enhancing plant growth.
Furthermore, biochar functions as a slow-release source of nutrients, thereby promoting
the sustained availability of essential elements such as phosphorus and potassium over
time.

Zeolite, a crystalline aluminosilicate with a high cation exchange capacity (CEC)
and selective affinity for ammonium and heavy metal ions, has the capacity to act as a
buffer and ion exchanger in the soil. The efficacy of the material in improving nutrient
retention is attributable to its ability to trap cations within its lattice structure, thereby
reducing nutrient leaching and enhancing nutrient use efficiency. However, due to its ion-
exchange properties, zeolite has the capacity to release sodium into the soil, which may
result in increased salinity. Furthermore, the interaction of zeolite with organic acids from
digestate may facilitate the release of previously bound heavy metals.

The synergistic utilization of digestate from biogas plants, in conjunction with
biochar or zeolite has been demonstrated to modulate nutrient dynamics and metal
mobility. While digestate provides a readily available pool of nutrients and organic matter,
biochar stabilizes these inputs, and zeolite enhances nutrient retention and availability. This
interplay provides a satisfactory explanation for the enhanced plant performance and the
varying degrees of heavy metal accumulation that were observed across the various
treatments.

CONCLUSIONS

1. The use of additives, including digestate from biogas plants, biochar, and zeolite, has
been shown to have a substantial positive impact on soil fertility. However, it is
important to note that the efficacy of each additive varies depending on the specific
characteristics of the soil, the type of crop being cultivated, and the prevailing
environmental conditions. Consequently, precise adjustments are necessary to the
additive dosage and application method to ensure optimal results.

2. The most optimal plot was identified as the post-fermentation plot, which has been
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shown to increase the content of organic matter and the amount of available nutrients,
such as nitrogen, phosphorus, and potassium. The addition of these substances resulted
in an increase in the content of heavy metals in the soil. However, the accumulation of
these metals in plants remained at a low level.

3. Research has shown that the incorporation of biochar in a plot of land, in conjunction
with digestate, can facilitate the growth of plants that require greater nutrient resources.
This finding is particularly relevant in soils that are deficient in minerals.

4. Research conducted on the plot demonstrated that post fermentation and zeolite
increased soil richness in most elements. These findings suggest that the soil is suitable
for crops that require greater mineral intake. However, it is imperative to note that the
introduction of these waste mixtures into soils contaminated with heavy metals is not
recommended.

5. Based on the experimental results, it is recommended to apply digestate at a dose of
5% w/w combined with 1% wi/w biochar, which provided the most beneficial outcomes
in terms of biomass yield and soil quality improvement. This mixture enhanced the
stable organic carbon content and reduced heavy metal bioavailability, while
supporting high plant productivity. In contrast, the addition of zeolite increased sodium
levels in the soil and reduced yield, suggesting that zeolite should be used cautiously,
particularly in sodium-sensitive soils. These findings may serve as a foundation for
optimizing organic waste-based soil amendments in future applications.
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