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1. Introdudion

Soil, as an environmental element, is an extremely complex system, the basis of life
on Earth, and plays a significant role in the biogeochemical cycle of the elements. It
creates a link between other environmental compartments (e.g. water, atmosphey;
therefore, the protection and preservation of its functions are essential for humanity.
Almost every part of the world is characterized by a human population approaching the
carrying capacity of that area, as a result of which an increasing amount ahtl use is
required to meet food needs, becoming one of the most urgent problems of our century.
In order to maximize yields from cropland, man has used various additives to achieve the
ability to produce the required amount of food.

Soil degradationz asa result of the above mentioned anthropogenic activitiesis a
global phenomenon resulting in loss of biodiversity and ecosystem services.
Acidification, compaction, salinity, decrease of water holding capacity, cation exchange
capacity and soil organianatter are amongst the main consequences of soil degradation
requiring control, prevention, elimination or at least mitigation at global scale.

Since appropriate and efficient soil functioning is an important life support
function, there is a growing inerest in the assessment and preservation of soil quality
affected by anthropogenic activities in all parts of the world. The overall objective of the
soil protection strategies is the protection and sustainable use of soils, based on the
following main principles i) preventing further degradation of soil and preserving its
functions, ii) restoring and improving degraded soil to a level that enables its current or
intended use. When soil is used and its functions are exploited, action has to be taken.

The eploitation of soils, another pressing problem is the issue of waste
management. This is primarily due to the fact that traditional waste management
technologies have proven to be ineffective in terms of further increasing our
environmental problems through incineration and landfilling.

Today, in both fields of soil protection and waste management, recognizing the
problem, countless researchers are working to implement different solutions, but the
field of science requires significant improvements, espealily in developing alternative
methods in the interests of sustainable environmental use.

Different waste management practices aiming at restoring land sustainability are
focusing on the reduction of wastes disposed of in landfills as well as protecticand
improvement of soils while reducing greenhouse gas emissions. One of the possibilities
is adding various amendments such as wastes (or kproducts) to soil to improve its
quality and functionality. This practice has long been recognised as beneficillt OEA OT ET 8 O
fertility, structure, water retention and buffering capacity.

Soil amendments mustfeature properties such as high binding capacity and
environmental safety and should have beneficial effects on the soil structure, soil fertility,
or the ecasystem on the whole.
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Applied amendments such as organic materials have generally large pore spaces,
which is advantegous regarding the wateand nutrient transportation and balance To
prevent their leaching and improving the availability of certain nutients and trace
elements to plants, theparticles of such amendments shoulchave a largeand highly
charged surface area, whichcan adsorb or attract these compounds Organic
amendments may bebeneficial to microorganisms, as they supply energy for growtlas
well as providing a long term supply of nutrients such as nitrogen, phosphorus and
potassium.

Biochar, a byproduct derived from biomass pyrolysis under hightemperature and
low-oxygen conditions is a carborrich organic material, an organic amendmentwhich
has been accepted as a sustainable approach and a promising way to improve soil quality.
In spite of the numerous research, the existing literature on biochar application reveals
the lack of a systematic approach focused on the establishment of edie field
applications based on preliminary scaleup experiments. One factor limiting the
understanding and evaluation of biochar for soil amendment and carbon sequestration
applications is the scarcity of the longerm tiered, scaleup field studies.

In the course of my doctoral research, | aimed to develop an environmentally
friendly soil improvement technology that uses biochar produced from wastes and/or
by-products as raw material, from the laboratory to field application. The main aim was
to establish a soil amelioration technology which effectively improves the physice
chemical and biological properties of the studied soils, as well as, to demonstrate that the
biochar-treated soils provide a better habitat to so#living organisms.

11



2. Literature revaw

Biochar has been extensively investigated due to its many potentially advantageous
properties, which make it suitable for soil improvement, but the amendment
mechanisms following biochar addition may differ according to biochar and soil type. It
is unceatain whether the same positive effects can be obtained in all soil types and at
different time-scale.Given the complexity of this research, the literature review of my
doctoral dissertation covers the background of the research topics, including both the
soil and biochar aspects.

2.1 A general review of the soil properties relevant to the application
of biochar to soil

Soil as the "biological engine of the Earth" is one of the most diverse habitats and
contains the most diverse collections of living organismas the outermost solid layer of
the Earth. Due to a high number of biotic and abiotic factors and their interactions, being
dependent on both the geological, climatic, and also the geographic characteristics, soil
properties are variable over time and regn. Soil physico-chemical and biological
characteristics, including its structure, biological activity and diversity, influence most of
the soil processes and functions.

In this chapter, we discuss in general those soil characteristics that are of key
importance concerning the biochar application for soil improvement.

2.1.1 Soil constituents

Soil's parent material (materials from which the soils are formed) may be organic
and inorganic. However, the majority (>99%) of world soils develop from inorganic (or
mineral) parent materials. In general, the soil is made of five basic components: minerals,
organic matter (soil organic matterz SOM), soil biota and water and air in the soil pores;
however, the volumetric composition of these basic components is highly dendent on
the soil types(Varallyay, 2013).

Minerals and SOM make up the solid fraction of the soil, and depending on the
moisture conditions of the soil that vary, the porous component may be filled with water
and/or air (Murphy, 2014).

- Minerals - Generally, 4@50 % of the soil volume is the mineral portion, meaning
non-biological particles of different sizes. These minerals may be, primary and
secondary minerals. Primary minerals are similar to the parent mateal they
originate from, while secondary minerals result from the weathering of the
primary minerals (Stefanovits et al., 2010)
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Organic matter - The majority of mineral soils contain <5% by weight organic
matter, but some soils (i.e., Histosols) feature higher SOM (more than 80%). The
largest proportion of SOM is carbon (5858%); therefore, it provides the
congruence between soil organic carbon and soil organic matter. Organic matter
is usually originated from dead plants and animals and has a high capacity to hold
onto and also provide the essential elements and water for the growtbf plants.
(Osman, 2013)

Solil biota - The soil biota consists of not only the microorganisms, but also the
soil-dwelling animals (protozoa, nematodes, mites, springtails, spiders, insects,
and earthworms) and plants (usually plant roots). The live all or part of their lives
in or on the soil or pedosphere, and performing a variety of functions for their
growth and reproduction. A thimble full of topsoil contains more than 20,000
organisms. Despite tle fact that microorganisms make up much less than 1% of
the soil volume, they are found in the soil in very high numbers and are the
primary decomposers of raw organic matter(Brady and Weil, 2017)

Water. Water is approx. 2% to 50% of the total soil volume. By definition, soil
water availability is the capacity of a particular soil to hold water that is available
for plant use. Water holding capacity (WHCis of great importance in the case of
agricultural soil and is mainly dependent on soil texture. Soils with smaller
particles (silt and clay) have a larger surface area, which allows soil to hold more
water than those with larger sand particles. SOM alsaffects the WHC because
organic matter has a high affinity to water; therefore, the addition of organic
matter to the soil usually increases the soil's water holding capacitfMurphy,
2014).

Ar.3T E1 O AT 1T OAET c¢bPMunb T £ AEOTCAOGAO AU
essential for the respiration of plant roots and microbes, which both support plant
growth. Besides that, C®and N are also are essential for belowground plant
functions such as nitogen-fixing bacteria (Brady and Weil, 2017)

The composition and ratio of these constituents greatly affect soil physical
properties, such as its texturestructure and porosity, and through these properties, the
fraction of pore space and for example the availability of nutrients in the soil.

2.1.2 Properties influencing functions of acidic and calcareous sandy soils

As an objective of my PhD thesis, the effiscof biochar on an acidic and a calcareous
sandy agricultural soil were studied applying a complex approach usinghysico-
chemical biological and ecotoxicological methods.

13
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Accordingly, the main soil properties influencing the functions of sandy soik&cidic and
calcareous) summarized here are as follows:

- physical properties such as texture, structure, porosity;

- chemical properties: pH, exchange capacity, carbonate content.

The term soil texture refers to the size distribution of primary particles inthe soil.
The texture and structure of the soil can influence porosity by determining both the size,
the number and interconnection of the pores. Soil texture and the porosity directly affect
water and air movement in the soil with consequent effects on ater use and growth of
plant, as well as on life of soil biota. To be able to compare the fertility and agronomic
performance of soils, soil textural classes should be determine@i/arallyay, 2013).

Soil texture plays a significantole in providing water for plants. In the cases of soils
containing many macropores (e.g. coarse sand), the possibility of losing the water easily
through gravitational drainage is high. Furthermore, the aeration through these pores is
very significant, leaving a small amount of water for plant use. As opposed to this, a fine
textured soil (e.g., a clay loam) has mainly micropores which hold water tightly
(Channarayappa and Biradar, 2018)

Soil structure, by definition is the arrangement and binding together of soil
particles into aggregates. Aggregation is exceptionally important for maintaining
porosity and soil water movement, for enhancing stability against erosion as well as for
improving fertil ity and carbon sequestration in the soil(Channarayappa and Biradar,
2018).

The chemical interactions in the soil usually occur on colloid surfaces. These
charged surfaces are able to sorb or attragbns within the soil solution. The ions can be
either sorbed and held to the surface of the colloid or exchanged with other ions and then
released to the soil solution, but its fate depends on its concentration, size and charge
(Tan, 2010).

4EA OTEI GO0 EIT AGAEATI CA AAPAAEOU IORAT O EOO
colloid surfaces both positive and negative charges are usually present. Soils of this
region are dominated by negative charges. This means that less anions are attracted to
exchange sites than cations, therefore, these soils tend to have greater catexchange
capacity (CEC) than anion exchange capacities (AEC). Since-fexured soils feature a
higher volume of colloids (e.g. clay loam, clay) they usually have a greater ion exchange
capacity than coarse soils (e.g. sandy soil&hannarayappa and Biradar, 2018)

Soil pH is the measure of hydrogenions (dd ET OEA Ol EI AT A OAZAO0O
or alkalinity. By altering the surface charge of colloids the pH of the soil can affect cation
exchange capacity. Soil reaction (soil pH) has multiple influences on thikysico-chemical
and biological processes and properties of soils (humification, biological activity,
aggregate formation, mobilization and availability of nutrients, etc.). Many agwltural
soils have a soil pH between 5.5 and 6(Blasko, 2011).

14



The soils which are dominated by calcium and magnesium carbonates (which can
be found throughout a soil profile), are referred to as calcareous soils. Carbonates in the
soil can influence soil pH, structure, WHC and water movement and through thesmil
productivity. Due to the free carbonates which effectively neutralize acids in the soil, the
calcareous soils have a high buffering capacity and resistance to changes in pH; therefore,
the pH of calcareous soils is maintained near 8. Due to their thering capacity, pH
reduction with acidifying additives is proved to be difficult. As carbonates promote
aggregation and affect the texture, they influence and alter the soil structure. Besides,
Ca*+ and Mg contribute to the formation of stable aggregags, by forcing soil particles
to flocculate, or clump togetheChannarayappa and Biradar, 2018)

2.1.3 Soil functions

Similarly, to the various definitions of the soil, the definitions of its functions a
also diverse, including its supporting function for the growth of higher plants as well as
the controlling of the fate of water in the soil hydrological systems. Sqgflas a fourphase
system- also provides habitat for different organisms and works as aatural recycling
system for nutrients and behaves as an engineering medium, and it is an efficient "natural
filter" and detoxification system (Brady and Weil, 2017; Varallyay, 2011)Soil is capable
of storing heat, water, plant nutrients, and other elements. Besides, it also behaves as a
buffer medium for the biosphere, as soil can moderate thenvironmental and human
activity-induced stresses. In addition, soil can be considered as a gene reservoir for the
biosphere and thus an important element in biodiversity, moreover it conserves both
natural and human heritages.

These soil functions are alequally important, but society has considered them in
different ways and gave them different importance throughout history. In many cases,
the character (e.g., territorial and temporal variabilities or stability) of a particular
function was not adequatey taken into consideration during the utilization of soils.
Consequently, the inadequate soil management activities resulted in ovexploitation,
and decreased the efficiency of different (one or more) soil functions, and caused severe
environmental deterioration, including degradation of soils (Varallyai, 2011).

2.2 Soil degradation and soil protection

Degradation of our soils is one of the greatest challenges humankind has to face.
The problem of soil degradation is as old as settled agriculture; howeversiextent and
impact on the global environment and human welfare is more pronounced now than ever
before.It is an urgent problem for two main reasons: firstly, soil degradation undermines
the productive capacity of an ecosystem, and secondly, by alteringetwater and energy
balances and disrupting the nutrient cycles, it also affects the global climate.

15



According to Lal and Stewart (1990) due to its impact on both the environment and
agricultural productivity as a whole, soil degradation can lead to polital and social
instability, enhanced rate of deforestation, intensive use of marginal and fragile lands.
Besides these, degraded soils feature more accelerated runoff and soil erosion, and
greenhouse gas emission into the atmospheré.al and Stewart, 1990a)

2.2.1 Soil degradation processes and triggering factors

Soil degradation is a very complicated procesthat causes reversible or irreversible
changes in soil properties and soibpecific processes, which will result in reduced soil
fertility and limited solil functions. Soil degradation can be a physical process, and this is
called soil destruction (e.g..erosion, deflation). If soil degradation is the result of a
biological and chemical process, then we are talking about soil degradation (e.qg.,
acidification, biological degradation). Furthermore, soil pollution is a type of soil
degradation in which soil quality and its parameters change significantly in a way that is
unfavourable for soil functions essential for soil life. Soil degradation processes can also
be grouped according to whether they come from natural or anthropogenic sources
(Stefanovits et al., 2010) Depletive human activities and their interaction with the
environment result in soil degradation. According toLal and Stewart (1990, there are
three types of degradation: physical, chemical, and biological, where different processes
are responsible for each of these typed-(gure 1).

Soil degradation
11
|
——L——
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Erosion and

Laterization desertification

[
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Figure 1 Types and soil degradation processgsl and Stewart, 1990a)
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During physical degradation, mostly the physical properties of the soil are
deteriorated. The following processes are involved when talking about physical
degradation:

- Compaction and hardsetting Soil compaction caused by the wdeled traffic
involved in normal farming operations is a growing problem. During compaction
and hardsetting, the structural pores in the soil are eliminated, causing
densification.

Soils featuring low organic matter content and lowactivity clays are moreprone
to hardsetting. (Lal and Stewart, 1990a)

- Soil erosion and desertificationSoil erosion is anatural phenomenon that has
occurred since Earth was formed, however nowadays, wind and waténduced
erosion of topsoil is increasing at an alarming rate. Wind erosion causes the
spread of desertlike conditions, namely desertification. Because the erodesbil
contains approx. 25 times more organic matter and colloidal fractions than the
non-eroded original soil, it causes severe effects both esite and oftsite (Lal and
Stewart, 1990a)

- Laterization. Laterite is a hard sheet of iron and aluminunmich duricrust.
Therefore, this process refers to the desiccation and hardening of plinthitic
material on exposure and desiccationLal and Stewart, 1990a)

Chemical degradation processes can lead to a rapiddine in soil quality because the
primary cause of chemical degradation is nutrient depletion. Besides, leactivity clays
are prone to cation leaching, causing a pH decrease and also a reduction in base
saturation. Another reason behind chemical degradain is the build-up of some toxic
chemicals, and elemental imbalance that is harmful to the growth of plants, therefore
leading to loss of fertility (Lal and Stewart, 1990a) The most common forms of chemical
degradation are acidification and salinization.

- Salinization.The accumulation of watersoluble salts in the soil. These salt usually
contain the fdlowing ions: K, C&*, Cf, SQ%, CQ@%>, HC@& and Na and are
dissolved and transported by water. However, with the evaporation of water, salts
precipitate in a crystalline form. Sodification occurs, when the sodium is
accumulated in the soil(Gruiz et al., 2014)

- Acidification. When the pH of the soil continuously decreases, acidification
processes occurAcidification is mostly caused bythe dominance of Hions on the
negatively charged binding sites in the soil. Protons are derived from proten
donor compounds such as the ammaam ion from nitrogen fertilizers (Gruiz et
al., 2014)
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Biological degradation of soils involves several interlinking processes: the decrease
in soil organic matter content, the decline in the amount of biomasderived carbon, and
the reduction of soil fauna's activity and diversity Biological degradation is more severe
in the tropics than in the moderate regions, because of predominating high temperatures
of both soil and air. Furthermore, the excessive use of chemicals and soil pollutants can
also cause biological degradatio(Lal and Stewart, 1990a) Biological degradation of saill,
as described by Sims (1990), refers to the impanent or elimination of one or more
"significant” populations of microorganisms, which results in changes in biogeochemical
processing within the associated ecosystem.

The leading indicators of the soil biological degradation processes may be i) changes
in community diversity and nutrient cycling, ii) accumulation of pollutants as well as iii)
changes in redox statugSims, 1990)

Summarising, soil degradation is the decline in soil quality caused by physical,
chemical, and biological processesFigure 2 shows the relationship between soil
degradation processes, its causes, and factors and their interactions. Soil degradation is
a complex phenomenon and fuelled worldwide ¥ increasing human populations, fragile
economies, and misguided farm policies. Furthermore, there is also often a conflict
between longterm consequences and shorterm benefits (Lal and Stewart, 1990b)
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Figure 2 Interactions of factors of soil degradatio(Lal and Stewart, 1990b)
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The first comprehensive study, within the GLASOD (Global Assessment of Human
Induced Soil Degradation) program, was conducted in 1990, with the support of the
United Nations Environment Program (UNEP) under the auspices dfig¢ International
Center for Soil Reference and Information (ISRIC), providing extensive information on
the global soil damage effects of human activity. The study distinguished four degrees of
soil degradation (light, moderate, strong, and extreme) basednothe analyses of the
degraded land. The degree of the current soil degradation is related in a qualitative
manner besides to the original biotic functions of the soil, to both its agricultural
suitability, to its decreased productivity and to its restoraton possibilities to full
productivity (Oldeman et al., 1994)

The degradation islight , when the terrain is still suitable for use in local farming
systems but features reduced agricultural suitability, but the origial biotic functions are
mostly intact. With modifications of the management, the restoration to full productivity
is possible. In case ahoderate degradation, the terrain's productivity is greatly reduced
but is still suitable for use in local farming sgtems, however, the original biotic functions
are partially destroyed. Major improvements are required to restore the terrain to full
productivity, which is beyond the means of local farmers in developing countries. We
classify the degradationstrong, in ase the terrain is no longer suitable for use in local
farming systems and lost its productive capacity, furthermore, the original biotic
functions are largely destroyed. To rehabilitate the land, major investments and/or
engineering works are required, whch are often beyond the means of national
governments in developing countries.

In extreme degradation cases, the terrain is unreclaimable and beyond restoration,
where the original biotic functions are entirely destroyed, and the land virtually has
become a humaninduced wasteland. These general definitions are qualitative, and
judgments made by the experts in the field are subjective, although the guidelines
provided some quantitative tools to support these estimates.

According to Oldeman et al. (1994),human-induced soil degradation can be
considered as a social problem, since no person would intentionally destroy nature's
resources. However, as a result of increased food demand as a result of a growing
population and the pursuit of better living conditons, humaninduced soil degradation
processes are considered to be the most urgent. According to the GLASOD report, the
cause of humaninduced soil degradation can be attributed to:

- deforestation or removal of the natural vegetation;

- overgrazing,

- agricultural activities, e.qg., insufficient or excessive use of fertilizers, use of poor

quality irrigation water, etc.

- overexploitation of the vegetation for domestic us€Oldeman et al., 1994)
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The GLASOD study showed tha 995 million hectares of land in the world was
affected by soil degradation, to varying degrees. The following figurd-igure 3) shows
the world map of the status of humannduced soil degradation, published in 190, and
shows the typical type and the extent of soil degradation in the studied areas, All types of
soil degradation processes are included in the GLASOD's approach, which can be divided
into two groups. The first group deals with the displacement of soihaterial, including
wind and water-induced erosions. In contrast, the second group contains situ soil
deterioration types, which can be either chemical or physical degradation. Worldwide,
water is the leading cause of soil degradation and, to a lessettent, wind erosion.

These processes can be traced to deforestation and overgrazing, especially in
developing countries, since 76% of completely degraded soils were recorded in Asia and
Africa. (Oldeman et al., 199.

In Hungary, as a result of londerm observations, various soil surveys, analyses, and
mapping activities during the last seventy years, extensive information on soil types and
characteristics are available. The most important soil degradation processen Hungary
are the water and wind erosion, acidification, salinization, soil compaction, reduction of
organic matter stocks, unfavourable changes in nutrient turnover and reduction of buffer
capacity (Varallyay, 1989).

=

ISRIC

The information for this map
(FISRIC, UNEP, FAO 1996) was
provided by ISRIC and UNEP. It is
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Figure 3 Humanrinduced soil degradation around the world (Source:
http://www.fao.org/docrep/003/w2612e/w2612eMapl2 -e.pdf)
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2.2.2 Soil protectiort, policies and thematic strategies

The European Community's environmental policy has already stadein its First
Environment Action Program (1973%1976) that it intends to work with non-member
countries to solve environmental problems. Until 1987, the community's environmental
policy operated without a legal basis, when an amendment to the 1957 Treaty Rome
provided a legal basis for it by issuing the Single European Act. Additional environmental
principles were set out in the Maastricht Treaty in 1992, and in 1997 the Amsterdam
Treaty provided for the integration of environmental considerations into @mmunity
policies, laying the foundations for today's environmental directives. Resolution
1600/2002/EC on the Sixth Environmental Action Program contains indeed the
objectives of sustainable use of natural resources and soil.

However, until the adoptionof the EU Thematic Strategy (ENVASSO, Environmental
Assessment of Soil for Monitoring) in 2006, the national community did not have any
unified concept of soil protection. ENVASSO aims to develop a system of indicators and
criteria system for the uniform characterization of EU soils, which will serve as the basis
for a European soil information systemKatai, 2011).

In addition to identifying areas affected by organic matter decline, compaction,
salinization, and landslides, theramework directive aims to detect contaminated sites
and remediate them according to a set timetable. However, despite the European
Parliament's support for the Commission's initiative, five European Council member
states (Austria, United Kingdom, Francethe Netherlands, Germany) blocked the
adoption of the legislation (Németh et al., 2016).

A decade after the adoption of the Thematic Strategy on Soil Protection, despite the
fact that soil degradation has been ongoing ever since, no systematic Europesuil
guality control or protection has been achieved. Therefore, to better protect our soils,
there is a growing need for competent and comprehensive European and international
legislative measures.

However, it is also encouraging that a committee of exper delegated by the
member states of the European Academies Science Advisory Council (EASAC) met in
Amsterdam in November 2016 to prepare a technical recommendation on soil
protection. The 'Soils at risk’ initiative aims to promote sustainable soil manageemt,
among other things, by increasing soil organic matter and biodiversity, improving soll
structure, water and nutrient management, and thus strengthening soil resistance to
environmental stress.
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In Hungary, the National Soil Protection Strategy has ¢htask of protecting the soil

as an environmental element, with two wellseparable parts, which serve as quantitative
and qualitative protection. Quantitative soil protection means the development and
application of land classification methodologies, theationalization of the land system,
and the strict control of soil/lhumus. However, quality protection makes a distinction
between measures against pointand diffuse pollution. The most important objectives of
the Hungarian EUcompliant soil protection strategy are the following:

rational land use,

protection of soil functions, reduction of degradation processes, avoidance of
pollution,

regulation of soil hydrological balance, moisture movements, prevention of
extreme situations,

control of the biogeochemicécycle of substances entering the soil as a result of
the activities of the society, rational supply of plant nutrients, and quality
protection of soil and surface/groundwater resources.

2.3 Problemspecific soil improvementconventional and innovative

solutions

According to Stefanovits et al. (2010), we consider soil improvement to be chemical,

biological, physical, and water control interventions that are performed to increase
fertility and alter specific soil properties permanently and substantially.

Physical methods

Soil loosening: loosening of the compacted, wateepellent layer without tillage;
Soil piping: drainage of excess water accumulated in the soil, with the help of an
extraction system established in the deeper layers;

Drainage: removal of hamful excess water with a proper surface drainage system;
Deep rotation: breaking up the surface solid soil layer and mixing it with layers of
favourable physical condition, thus improving soil aeration, and water
management;

Sandlevelling: levelling of sand dunes in corrugated sand areas;

Egerszegitype layered sand amelioration: applying a continuous manure layer to
a depth of 460 cm in the soil, whereby the poor water and nutrient
management of sandy soils can be improved.

Chemical methods

Liming: Ca@s-containing substances are introduced into the soil to eliminate or
reduce high acidity and unsaturation;

Lime subsoil cover: the acidic soil is covered with CaG®@ontaining subsoll
(loess) and then worked into the plowed layer;
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- Gypsum addition: gypsurmcontaining materials can be used for the chemical
repair of alkaline saline soils;

- Combined processes, where liming or digging is used in combination with
gypsum, as this ensures the dissolution of Ca€i moderately alkaline soils.

Biological methods

Biological methods involve the wide range of techniques. All the methods expedient
to promote soil improvement by cultivating the selected plants are classified as biological
methods.

The methods described above are generally conventional (traditional) metlus.
Nowadays, however, with the rise and rapid development of environmental technologies,
new, innovative soil improvement techniques have also emerged. Since the critical issue
today is the treatment, storage, disposal, or possible recycling and use of sk&s, an
important group of innovative technologies includes processes using waste or by
products for soil improvement. Depending on the problem to be addressed, there are
numerous potential soil additives regarding innovative soil improvement technologies
Saline, as well as acidic soils, are often treated with lime, gypsum, rhyolite tuff, organic
fertilizers, and alginite, however, the use of compost, ash, peat, biochar, and coffee
grounds is also gaining ground, especially in organic or smatale farmng (Kohler,
2001).

Hereinafter, several innovative and environmental friendly soil improvement
options will be presented through case studies. Some of them use biochar in combination
with other soil additives; however, the properties of biocharjts impact on soil, and its
production conditions will be detailed in the next, 2.4. and 2.5. Sections.

Red mud, a byproduct of the Bayer process to produce alumina from bauxite, was
used for acidic sandy soil improvement. The mixing of red mud into theoil, even at a
rate of 20%, showed no toxic effect but increased the water holding capacity. According
to the study, red mud can be used for soil improvement purposébljaczki et al., 2016)

The transition to organic farming is becoming more and more prevalent in
agricultural cultivation, during which the main goal is to restore healthy soil life, create
optimal conditions, and increase soil vitality. Microbial inoculants provide a great
alternative to achieve these goals. Depending on the type, soil inoculants contain
different amounts and qualities of microorganisms in concentrated form, which can
stimulate the growth of plants and their roots, thereby increasing the yield of the treated
area. The inoculated microbes, in addition to causing plant development, can also have a
synergistic effect by interacting with the original population of the soil.(Owen et al.,
2015)
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As another environmentally friendly soil additive, the efficient agricultural use of
spent coffee grounds has already been supported by several scientific publications.
Because it contains many microand macroelements, it provides essential nutrients to
the soil. In a study conducted by Cruz et al. (201413 as a result of spent coffee grounds
addition, the mineral content of the various studied vegetables increased by 340%, the
[ -carotene content byup to 90%, the chlorophyll content by 60%, and the antioxidant
content also changed in a positive directionCruz et al., 2014b, 2014a)

Combined methods, in whib different treatments are applied together, have also
come to the fore. An another use of the abowaentioned soil inoculant is binding it to
the surface of a carrier. This carrier can be, for example, biochar, since due to its high
specific surface areathe inoculant can be readily adsorbed on it; furthermore, the
biochar's nitrogen, phosphorus, and other organic nutrient content supports the growth
of individual microbial stock cultures explicitly. Rékési et al. (2019) investigated the
combined effectsof plant growth-promoting rhizobacteria (PGPR) and biochar on sandy
soils. They observed increased substratenduced respiration as well as an increase in
above-ground biomass of the cultivated maize, indicating that the combined application
of BC and inoalant is more beneficial than the separate applicatiofRékasi et al., 2019)

Song et al. (2015) found synergistic effects between PGPR and vermicompost,
which depended on the vermicompst dose when they used these additives together. As
a result of the synergistic effect, the vitamin C in tomato and the soluble protein in
spinach was significantly increased in an area supplied with these amendments,
however, PGPR alone did not affect Banicrobial biomass, nutrient availability or crop
growth (Song et al., 2015)

Shaheen et al. (2014) used for soil improvement a mixture of animal manure,
sewage sludge and fly ash generated during coal combustion in significant quantities
(750 million t/y). It was found that fly ash and sewage sludge, as well as a mixture of fly
ash and animal manure, are suitable for nutrient replenishment in nutrienppoor and
acidified soils and increasing soil pH{Shaheen et al., 2014)

Joseph et al. (2015) investigated thesoil-improving effects of biocharmineral
complexes. Biochamineral complexes (BMCs) are produced by roasting a mixture of
phosphoric acidtreated biochar, clay, animal manure, and various minerals (kaolinite,
limestone, ilmenite, etc.). Biochamineral complexes have very high mineral content,
cation exchange capacity, and watesoluble organic matter content. In their study, they
demonstrated that biocharmineral complexes significantly increase the amount of
wheat yield per hectare(Joseph et al., 2015)
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As a result, traditional soil improvenent practices are beginning to take a back seat
and are increasingly being replaced by innovative techniques that combine soill
improvement with waste recovery. Most wastes contain large amounts af nutrient that
has no benefitor is even dangerous if plaed at the wrong place (i.e., in surface waters).
However, they can be beneficial if streamed to agricultural land, since some wastes
provide both specific mese and micronutrients for the plants. The advantage of the
technology is that it improves the progerties of the soil not individually but in one unit,
i.e., it will affect both its physicechemical and biological properties and may even affect
fertility. The combination of Environmental Risk Assessment and Life Cycle Assessment
is an appropriate tool or assessing the shortand longterm risks of waste used during
soil improvement and for comparing individual treatment options(Gruiz and Klebercz,
2014).

Many innovative soil improvement technologies have been developed. Some of
these are ready for application and in some cases their efficient applicability in field
studies was demonstrated, but the widespread implementation of these innovative
methods is slow in spite of the proven efficiency. To ensure the extensive practical
application of these technologies, the decision makers, the stakeholders should be guided
by useful information ensured by a complex technologassessment tool, which
evaluates both the technological and environmental efficiency of these technologies
(Gruiz and Klebercz, 2014)

2.4 General review of biochar

2.4.1 Basic characteristics of biochars

In 2015 the European Biochar Foundation in the European Biochar Certificate
(EBC) defined bi@har as a heterogeneous substance rich in aromatic carbon and
minerals. Biochar is produced by pyrolysis of sustainably obtained biomass under
controlled conditions with clean technology. It is used for any purpose that does not
involve its rapid mineralisation to CQ and may eventually become a soil amendment
(EBC, 2012) During the oxygenpoor or oxygendeficient thermochemical
decomposition of organic materials, it loses nearly 75% of its origal weight and 50% of
its carbon content (Lehmann, 2009) Biochar is a highcarbon, porous fine particulate
slag that remains in the procesgSohi et al., 2010) The IBI (International Biochar
Initiative), refining the definition, only calls the charcoal used for soil improvement in
agriculture and environment protection as biochar(IBI, 2014)

25



24.1.1 Structure, porosity and specific surface area

Biochar consists mainly of crystalline graphene sheets anchndomly arranged
amorphous aromatic structures. Figure 4 shows that the higher the treatment
temperature, the more ordered the biochar's structure is, hence increasing the pyrolysis
temperature reduces the disorder, and more and wre aromatic, graphitelike structure
is obtained.(Downie et al., 2009)

High specific surface area and high porosity in combination with the chemical
properties and suface charge determine and influence the nature of the biochar. As a
consequence of the high surface area and high porosity, the biochar in its subsequent
application may adsorb the organic or inorganic molecules to a higher degree. As with
many other properties, porosity is greatly influenced by the temperature of pyrolysis
(Tomczyk et al., 2020) the higher the temperature at which the product is produced, the
more porous the final product.

Figure 4. Changes in the structure of the biochar due to the changes in pyrolysis temperéDawnie et al., 2009)

The pores are divided into three grops based on their size: nano (<0.9 nm), micro
(<2 nm) and macropore (>50 nm) of which the smaller pores are mainly involved in the
adsorption and transport of molecules, while the larger pores provide aeration and
hydrology for the soil, and a suitable hhitat for mycorrhizae and bacteria. The porosity
basically determines the surface areél_aghari et al., 2016)

Biochars feature specific surface area within the range of 500 m2/g (Chen et al.,
2019). Lua et al. (2004) have shown that raising the pyrolysis temperature from 250°C
to 500°C increases the BET (BrunaueEmmett-Teller equation by which the specific
surface area can be determined) surface area. Increasing the temperature to produce
biochar from the pistachio shell was more conducive to the removal of volatile
substances, resliing in increased pore developmeniLua et al., 2004)
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Based on the literature, it can be stated that the increasing pyrolysis temperature
results in higher surface ara but a lower biochar yield, yet the high temperature results
increased pore volume as well. At 500C, the cellulose and hemicellulose content of the
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feedstock decomposes, resulting in a honeycomb EEA AET AEAO OOOOAOOOA

diameter pores and thnner walls. Thus, the biochars produced at higher temperatures
are less hydrophobic, and their water holding capacity is highefLaghari et al., 2016)
However, authors observed that with the increasing temperature the specific surface
area (SSA) of biochar is also growing and reaches a maximum value, then after a critical
temperature, with the further growing temperature, the SSA will decreaséBrown et al.,
2006; Chen et al., 2019)This is probably due to the enlargement of micropores and the
destruction of the microporous structure (Chen et al., 2019)

2.4.1.2 Surface functional groups

On its surface, biochar contains a large number of various functional groups, which
provide the biochar good absorption ability, hydrophilicity or hydrophobicity, buffering,
and ion exchange capacity. These groups are mostly oxygeantaining or alkaline,
among others carboxyl, carbonyl, and hydroxyl groups. In general, both the density and
the number of the functional groups decrease with the increasing carbonization
temperature. With the growth of the temperature, the O bonds, @H bonds, and QH
bonds break, resulting in a decrease in the-@ontaining functional groups, however the
proportion of alkaline groups increaseqChen ¢ al., 2019)

2.4.1.3 pH

The pH of the biochars is generally in the neutradlkaline range from pH 6.2 to 9.6
(average pH 8.1), depending on the feedstock and pyrolysis conditions. Lower pH values
are typical of biochars from green waste and woody litter, whileéhe highest pH values
were found in the case of poultry manure feedstociChen et al., 2019; Lehmann, 2007)

In general, biochar pH increases with the pyrolysis temperature therefore the pH afé
produced biochar is more sensitive to the temperature and the pyrolysis conditions than
to the feedstock, due to the volatilization of organic acids and decomposition of acidic
functional groups (carboxyl and phenolic hydroxyl )(Chen et al., 2019; Laghari et al.,
2016).

2.4.1.4 Cation Exchange Gagity (CEC)

The cation exchange capacity is the total amount of exchangeable cations that can
be held by the soil or any other material, expressed in terms of milliequivalents per 100
grams of soil at neutrality (pH 7.0) or some other stated pH valu@rady and Weil, 2017)

Low-temperature pyrolysis produces higher biochar yields with a higher
proportion of the aromatic molecules and an increased number dtinctional groups.
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These surface groups provide excellent sites for nutrient exchange. Besides the pyrolysis
temperature, the holding time is an essential factor since the two influence cation
exchange capacityRalebitso-Senior and Orr, 2016) By increasing the cation exchange
capacity (CEC) of the soil, biochar affects the availability of nutrients and reduces their
leaching(Jones et al.2012). According to Laghari et al. (2016) as opposed to the pH, the
CEC is more dependent on the feedstock of the biochar than on the temperature of
pyrolysis. The increase in CEC can also be attributed to the process of losing acidic surface
functional groups when the applied temperature is high. Besides that, feedstocks rich in
K, Na, Ca, Mg, and P promoteddntaining functional group formation on the surface of
the biochar (Laghari et al., 2016)

2.4.1.5 Ash content

Similarly to the CEC, the ash content of the biochars tends to be more sensitive to
the feedstock than the pyrolysis temperatre. As a comparison, biochars made from
sewage sludge, animal manure or poultry litter usually have higher ash content than the
biochars produced from crop residue. This difference can be related to the higher initial
mineral content of the biomass. In adition, it should be noted that the biochars with
higher ash content tend to have higher CEZhao et al., 2013)

On the other hand, with higher pyrolysis temperature, the volatilization of organic
compounds increases resultingn higher ash content(Mukherjee et al., 2011) From the
above-mentioned studies, it is clear that wooederived biochars feature less ash content.
However, bochars produced from manure have higher ash content, which also varies
with the pyrolysis temperature.

2.4.1.6 Electrical Conductivity (EC)

The electrical conductivity (EC) of a material can be defined by its ability to conduct
electrical current. This property is mainly affected by the salts dissolved in water.
According to Laghari et al. (2016), biochars with lower EC are mainly produced from
agricultural waste or woody feedstock. Biochars made from manure usually feature a
higher pH and EC, probably due to thieigher concentrations of N&, K-and Mg*ions and
the presence of S@& and PQ3-, nevertheless biochars made from poultry litter feature
an even higher EC, that can be attributed to high salt concentratiofisaghari et al., 2016)

2.4.1.7 Elemental composition

Biochar products characteristically contain aromatic organic substances and
inorganic elements as well. The C, H, O, N, S, P, K, Ca, Mg, Na, and Si are generally the main
elements in biochar products. Among them the C content presents the highest value being
generally above 60%, and it is followed by H and O content. The inorganic elemis occur
mostly in the ash(Chen et al., 2019)
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Lehmann et al. (2006) reported that the availability ofnitrogen which can be

generally found withna@. EAOAOI AUAT EA OOOOAOOAuallyT OEA
very low.

Biochars are rich not only in carbon, but also in P and K, which are considered to be
essential plant nutrients, however, their availability varies considerably. Biochars made
from manure-like substances feature a higher P content thaorop residue and grass
based biochars. On the other hand, crop residue and grasased biochars have higher K
content than manurederived biochar. Biochars made from wood reportedly contain a
significant amount of plantavailable macronutrients (P and K) lesides alkaline earth
elements. The plartavailable nutrient content rises with the increasing pyrolysis
temperature, especially in manure derived biochars. However, in the case of higher
pyrolysis temperature (>700°C), the loss of P and K can be signifitaTo summarize the
information presented here: the temperature at which elements are lost through
volatilization during pyrolysis is different for the different elements, as is expected for
the change in their bioavailability. On the other hand, biochanhade from crop residues
tend to have lower nutrient content, but this can be improved with using higher pyrolysis
temperatures, although in every case the availability of these nutrients for plants needs
to be examined(Laghari et al., 2016) One of the consequences studying the link between
the pyrolysis temperature and elemental cotent of biochars: the temperature at which
elements are lost through volatilization during pyrolysis is different for the different
elements, as is expected for the change in their bioavailability.

2.4.1.8 Particle size distribution

The particle size distribution of the biochars is determined by the properties of the
starting material, the conditions of pyrolysis, and the preand posttreatment methods
used (drying, chemical activation, grinding, etc.).Wood-based biochars are coarser,
while herbaceous (e.g., car, rye) and manurebased biochars are characterized by finer
particle distribution and fragile structure (Sohi et al., 2009)

The particle size is influenced by pyrolysis and itproperties. The change in the
original biomass structure is due to microstructural rearrangements and cracks and
fractures occurring during processing. During pyrolysis, the mass of biomass is reduced,
mainly due to the evaporation of volatile organic maer. Parameters that influence the
properties of biochar during production include heating rate, highest treatment
temperature, pressure, residence time, préreatments such as drying, shredding,
chemical activation or posttreatment. Changing these paranters gives an entirely
different end-product, but among these, the treatment temperature is the most
influencing factor, since fundamental physical changes, such as the release of volatiles,
the formation, and evaporation of intermediate melts are temperatre-dependent
processes(Downie et al., 2009)
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2.4.1.9 Stability of biochar

Biochar is remarkably resistant against physical, chemical, and biological
decomposition and featuresa high degree of aromatic structure with high carbon content
and very low solubility. Because of these characteristics under natural environmental
conditions biochar can exist in soils for thousands of years (Chen et al., 2019).

The stability of biochar, as well as the appropriate method characterizing the
stability, is of fundamental importance. The stability of the carbon constituents in a
biochar product makes it particularly useful as a longerm climate change mitigation
strategy. Besides, the stabily will determine how long biochar will deliver beneficial
conditions in the soil for plants and microorganisms. A conservative methodology has
been developed for the estimation of the amount of stable carbon in biochar for a period
of 100 years.(Budai et al., 2013)However, the test method is under development and
will become more robust over time, allowing for a more accurate estimation of stable
carbon content.

To compare the relative stability of different biochars several methods are
available. These include proximate analysitASTM D1762- 84, 2007), O/C or H/C molar
ratios, and chemical oxidation. IBI guidelines for quantifying O/C ratio recommend the
application of an acid treatment for the removal of carbonateand the determination of
organic C (IBI Guidelines, 2012). As an index of aromaticity and resistance of biochars to
both the microbial and chemical degradation, the H/C ratio has been proposed. Budai et
al. (2014) found that atomic ratios H/C and O/C argyood indicators of the degree of
carbonization (Budai et al., 2014)

2.4.1.1 General characterization of biochars

As previously detailed, properties of biochars mainly depend on their feedstock and
the pyrolysis conditions. Figure 5 shows the general tendencies in the development of
biochar in light of the pyrolysis temperature. Hightemperature biochars, in general,
feature lower level of available nutrients (Mukherjee and Zimmerman, 2013) more
condensed aromatic C content, high pH and large surface area.

Due to the increased aromatiity, its potential to sequester carbon as well as its
adsorption capacity increases, furthermore viathe electrtotOEAE A OUOOAI h EOO
interact with nutrients and metals grows. The quantity of easily decomposable
components and acidic functionagroups will decrease as the pyrolysis temperature rises
(Cantrell et al., 2012; Novak et al., 2009)
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Due to high ash content and pH, they work as a liming agent, therefo high
temperature biochars are suitable for improving acidic soil, but not alkaline soils. On the
other hand, higher biochar yield is obtained with lowtemperature pyrolysis, and the
product features more Qrich functional groups which can act as nutriat exchange sites
and it has higher volatile matter content(Glaser et al., 2002; Robertson et al., 2012)

These biochars contain more labile organic compounds (aliphatic and cellulose
type structures), which supports the microbial activity. Since biochars pyrolysed at low
temperature have a lower pH, they are well suited to improve arid soils due to their
ability to reduce nutrient leaching as well as to enhance soil activity and functions in
calcareoussoils (EI-Naggar et al., 2019)

Surface area  Low > High

Aromaticity  Low » High

Aridity High Low

Mutrient availability High = Low

Aliphatic compounds  High « Low
Hydrophobicity  Low » High

OM adsorption  Low » High

lon exchange functional groups  High Low
Csequestration  Low #» High

Figure 5. Changes in biochar properties and functions as a function of pyrolysis temperdttir&aggar et al., 2019)

2.4.2 Biochar production

Biochar is produced via pyrolysis; therefore not just the choice of feedstock but also
the circumstances of the thermal decomposition affects the properties of the product and
its effects on the sil (Ahmad et al., 2014) In a large number of publications in the
literature, biochar is produced from a wide variety of raw materials (or byproducts).

Plant-based biochars can be produceddm energy crops grown for this purpose,
but most often forest or agricultural by-products or wastes (i.e., tree and stem residues,
kernels, fruit seeds, animal manure, compost, etc.) are utilized for biochar production.

Biochars of animal origin are mosbften bone-biochars, which are produced by the
pyrolysis of animal protein and bones collected in slaughterhouses. Besides, sewage
sludge and municipal wastes can also be used as feedst¢Bkewer, 2012).
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However, one must be cautious about the presence of toxic substances and
compliance with the relevant Imit values, since high levels of heavy metals, especially Cu,
Zn, Cr, Ni, may occur in the case of the biochar produced from sewage slu@@y&dle and
Pritchard, 2004). Biomasses from different sources can be further converted by
incineration, gasification, or pyrolysis. Combustion generates heat, while gasification
generates heat and synthesis gas (CO (g) and &)). Since biochar is produced by
pyrolysis, the pyrolysis and its various methodologies will be presented in my
dissertation.

Pyrolysis refers to the thermochemical decomposition of various organic wastes
under controlled conditions in an oxygenpoor or oxygenfree environment under the
influence of heat.At any chosen technological parameters, three types of products are
formed: the ga®s produced (syngas), the liquid phase (btoil) and the solid biochar. The
ratio of products depends on the feedstock and the conditions of pyrolysis (i.e.:
temperature, pressure, time, heating, and heating rate), so the choice of technology in
biochar production is essential to maximize the yield of the solid product. In particular,
the ratio of the produced biochar has been reported to decrease with increasing
temperature (Tripathi et al.,, 2016). In the light of residence time and pyrolysis
temperature, the technologies can be divided into the following three groups: slow, fast,
and flash pyrolysis. The summary of thermal conversion processes in light of feedstocks,
products, and application possibilites are presented inFigure 6 (Ralebitso-Senior and
Orr, 2016).

Slow pyrolysis was invented thousands of years ago for the productiorf plant-
based coals. This type of pyrolysis conventionally features slow rates of heating, between
vM¢mn J#TIETh 117T1TC OAOEAAT AA OEI A ju TETMp ET
liquid fraction yield. During the slow pyrolysis, the biomass is pyrolyseat 300-500°C in
an oxygenfree environment at atmospheric pressurgRonsse et al., 2013)

As opposed to this, faspyrolysis systems work with a short residence time §.5z10
s), high heating rate (approx. 16200°C/min) and high temperature (5007650°C),
resulting in a higher yield of the liquid fraction ©0z75%) in addition to biochar (15z25%)
and syngas 10z20%). The feedstock used for fast pyrolysis is usually dried, and the
particle size is reduced (<1 mm) to reduce the speed of the procedsaghari et al., 2016)
Research on specific technological parameters has showratthigh temperatures, rapid
heating and short residence times favour liquid product formation, while favourable
conditions for biochar production include slower heating rate, lower temperature with
longer residence time(Ahmad et al., 2014; Tripathi et al., 2016)
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Figure 6 Summary of conversion processg&alebitso-Senior and Orr, 2016)

There are alternative types of pyrolysis; however, in these cases, the main product
is not necessarily biochar. As an example, the flash pyrolysis with a heating rate greater
than 1000°C/min at atmospheric pessure overaté PAOAOOOA OAT CAhel £ xnm
residence time is less than 0.5 s, and the efficiency of the method requires that the particle
size of the pyrolysed biomass does not exceed 0.5 min.the case of flash pyrolysis, bio
oil and synthesis @s are the dominant products. Flash pyrolysis devices are still in the
experimental phase, their major problems being systemic instability and the quality of
the resulting products are very difficult to control. As another type of pyrolysis, the
vacuum pyrolysis involves the thermochemical conversion of biomass at low pressure
(usually 0.05 to 0.20 MPa) excluding oxygen over a temperature range of 300 to 600°C,
with a heating rate similar to the slow pyrolysis. The main product of the vacuum
pyrolysis technique is bio-oil, but also biochar is producedTripathi et al., 2016).

As a subtype, hydrochar is produced by hydrothermal carbonization (HTC) or
liquefaction, resulting in a higher H/C ratio and decresed aromaticity compared to the
typical biochars. The HTC process is performed at a temperature range similar to fast
pyrolysis, at 5 to 20 MPa. As an advantage, this technology is also suitable for the
carbonization of wet wastes (such as municipal sewagdudge) (Danso-Boateng et al.,
2015).
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All pyrolysis processes described above apply conventional heating methods (e.g.,
electric heating). Nowadays, however, microwave tdnologies are also gaining ground
in the field of biochar production. These processes are much more controllable, energy
efficient, costeffective, and environmentally friendly than conventional pyrolytic
processes. During microwave pyrolysis, the heatingate can be varied over a wide range
jme8pMunm J#Fi ET gh OEA ADPDI EAA, dddthebnkowa@®dOA EO .
EOOAAEAOQOEIT OEIi A EO T1T1U A £Ax 1 ETOOAO juMpu
pyrolysis can produce higher quality (e.g., higheporosity, higher specific surface area)
biochars with higher production percentages, than conventional pyrolytic methods
i -AHAE AO AiI 8h c¢mpo(Q

Numerous parameters of the pyrolysis conditions are presented in the literature
that can impact biochar properties. The cited researches most often discuss only
temperature and residence time under pyrolysis conditions that affect the properties of
biochar. Theseare indeed the most critical issues however other pyrolysis parameters
may also affect biochar characteristics.

Li et al. (2019) presented, based on the collected data from independent studies,
that numerous fundamental characteristics of biochars such agH, cation exchange
capacity, BET specific surface area, ash content, volatile matter content, and elemental
composition correlate strongly with pyrolysis temperature, in the case of same feedstock
(Li et al., 2019) Tag et al. (2016) also proved that pyrolysis temperature strongly affects
biochar key properties; their results demonstrated that the total surface basicity
increased with growing pyrolysis temperature while total surface acidity decrease(lag
et al., 2016)

Studies highlight that the biochar properties depends on the type of pyrolysis
process. The most common thermochemical processes for biochar production are the
slow pyrolysis, fastpyrolysis, gasification and torrefaction. The slow pyrolysis results the
highest yield of biochar, while the fast pyrolysis is the most efficienmethod for
producing biofuels. On the other hand, gasification is the most efficient for producing
syngas, wlich is used to generate heat and energy.

These techniques vary in terms of reaction temperature, heating rate and holding
time, and each of these parameters affects the characteristics of biocl{@rombie et al.,
2013; Tomczyk et al., 2020; Wang et al., 2020 addition to these factors, the presence
of a catalyst, pyrolysis atmosphere has direct influences on the quality of biochar during
slow pyrolysis as well. In the different pyrolysis reactors whichvary in the use of oxygen,
heating rate, and final temperature the quality of biochar products can be differerLi et
al., 2019)
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et al. (2019) studied the effects of application of different carrying gases on properties of
sewage sludge and sewage sludge with willow biochars. They observed that the biochar
produced in a CQ atmosphere hal higher BET specific surface area than the same

biochar obtained in an N atmosphere.

2.4.3 Biochar initiatives and guidelines

Ralebitso-Senior and Orr (2016) summarize into three main topics the current
research elements and problems based on the biochar's kecharacteristics and its
reportedly contradictory effects on the environment:

- Biochars' ability to mitigate climate change . There are various reports
regarding/on the different emission concentrations of greenhouse gases, upon
biochar addition, especiallyin the case of agronomic soils.

- Agricultural output. Contradictory responses are reported on plant/crop yield
as well as different fertilizer/pesticide adsorption capacities. The impacts of
biochar on soil microbial communities and its effect on the agrammic yields
reported in the literature are not coherent.

- (Bio)remediation potential. The potential capacity of biochars to sequester and
mitigate contaminants, furthermore their bioavailability for microbial catabolism
is an urgent research topiqdRalebitso-Senior and Orr, 2016)

These topics are interrelated yet so specific; furthermore, in the literature, biochars
made from a wide range of production conditions, different fedstocks, application ratios,
soils, climatic conditions, and plant species are researched. To be able to compare the
studies and the effect of biochars, consistency was needed, i.e., the use of "gold standard"
biochar(s).

Because of the need for policyelelopment and implementation numerous bodies
emerged. The following three organizations are the most significant among the formed
voluntary biochar quality standards: the International Biochar Initiative (IBI-BS),
European Biochar Foundation (European Bichar Certificate, EBC) and the British
Biochar Foundation (Biochar Quality Mandate, BQM).

There are some common purposes of these bodies. According to Rashidi et al. (2020)
the key goal covered by all these organizations is to provide the quality and sife
indicator for biochar application as a soil additive. Besides, they aim at promoting the
industrial growth of biochar production, distribution and application, and to provide a
basis for future laws or regulations. In addition, the development of sucledificates can
help consumers and biochar producers in strengthening trust between distributors.
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The recommendations of these organizations coveti{ough not with the completely
same approach), for example, the allowed biochar feedstocks and the approte
biochar production technology, as well as the properties and application of biochar.

As the first of its kind, in 2002, the International Biochar Initiative (IBI) was
founded to support biochar research. The organization aims to provide clear, nonbes
information about biochar, by issuing and creating standards and policies to guide the
public. They created the IBI Biochar Standards, which provides guidelines and
deliberations on conditions for the production and storage of biochars. It also provides
detailed guidance and categories for the characterization of the resulting product.

The purpose of the European Biochar Foundation is to ensure the safety of biochar
use and its consistency with production technology. The guidelines developed by EBC
aim to transfer knowledge "as a sound basis for future legislation” and like IBI, they are
based on the latest research findings and practices.

As a third party, the British Biochar Foundation (BBF) has developed the Biochar
Quality Mandate (BQM, Version 1.0eleased in 2014), which covers the full range of
biochar technology(Ralebitso-Senior and Orr, 2016) The biggest difference between the
BQM and from the guidance provided ypthe IBI and EBC, is that the BQM focuses upon
the specific regulatory requirements of UK developers, producers, users and authorities
(Shackley et al., 2014)The documents provided by all three organizations identify the
basic physicechemical properties that needs to be determined for the biochar products.

The guidelines and recommendations for substrates, the parameters to be analysed
to identify the physico-chemical properties of biochars and the protocols applicable to
each parameter or property are supported by the best practices and established methods
of registered bodies

These bodies arethe British and European Standards (BSI and EN), the
International Organization for Standardization (ISO), the American Standard Test
Method (ASTM), and the US Composting Council. It is advised for the analyses to be
performed by accredited laboratories to determine the classification and, consequently,
the recommended applcations (Ralebitso-Senior and Orr, 2016) As a result, it is
recommended that in European context, biochar should be characterized by standards
defined by the EBC or IBI.

There are some differences between the BQF, IBI, and EBC regulations, however, it
should be stated that the IBI Biochar Standards refer only to the biochgrhysico-
chemicalproperties and do not specify the applicable feedstocks or production methods.
Furthermore, the IBI standard does not define the biochar material's GHG mitigation
potential. (Verheijen et al., 2015)
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Studies aiming at comparison of these certificates can also be found hetliterature
(Meyer et al., 2017; Rashidi and Yusup, 2020)he authors of these studies have outlined
that although uniform regulation and legislation is the main objective, there are
variations in the parameters and thresholds set in the certificates of these bodies. These
differences could lead to inconsistencigin both the scientific and legislative framework,
consequently there is a serious need for standardization. Comparing the
recommendations of the three organizations, for example, the threshold set for organic
matter content and moisture content by the tlee organizations differ; there are also
differences in the O/C ratio specification.

Contaminant content thresholds also differ for heavy metals and polycyclic
aromatic hydrocarbons (PAH) in these systems. As an example, the threshold for
cadmium in the Bl is 1.439 mg/kg, while in the EBC it can be-1.5 mg/kg depending on
whether it is a basic or premium productFurther difference in these certifications is the
evaluation of the sustainability of the raw materials. While the assessment of the
sustainalhility is a significant feature of the BQM for example regarding the monitoring of
the biomass source and use of Life Cycle Assessment (LCA), there are no requirements
on the sustainability of the feedstock at IBIl. At the same time, the sustainability is &f
paramount importance for the EBC. The EBC feedstock positive list contains various
biomass which could be approved to be used for biochar production. Moreover, the EBC
guideline includes several sustainability aspects for biochar storage, production peess,
heat recovery, biochar handling and labelling etc.

In addition, | would like to emphasize that standardization of chemical analytical
methods is also very important as diverse methods could also result in high differences,
for example in PAH contenfor a given biochar. A further shortcoming of these voluntary
certifications is their specific applicability, because these are only created for biochar
categorization and prediction of biocharsuitability as soil ameliorant.

2.5 Possible uses and differeatces of biochar application

In recent years, the biochar's possible uses have been extensively investigated by
researchers worldwide. Based on the results of many studies, we can state that biochar
possesses the multifunctional potential for the treatmentof environmental problems.
The already extensive range of biochar applications is continuously expanding, mainly in
such areas as agriculture, environmental protection, and industry.

Its bestknown and most common field of application is presumably its wesas a soil
ameliorant, which is described in detail in chapter 2.6.
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However, besides this, biochar products can also be used for the immobilization of
various contaminants in wastewater treatment. It can be applied as supplementary
material in composting and in methane fermentation processesas well as it can be
applied as a filter for tar reduction in pyrolysis and gasification, as fuel when pelletized,
and also used as a substrate to produce hydrogdBaletnik et al., 2019) Biochar has
gained prominence in environmental protection as a result of its potential for increasing
soil carbon sinks and reducing greenhouse gas emissions. The latter is describedniore
detail below.

2.5.1 Biochar in carbon sequestration and climate change mitigation

Production and application of biochar has been suggested as a potential as well as
promising strategy for climate change mitigationOliveira et al., 2017) Lehmann (2007)
reported that the carbon content of the biomass is a more stable form in biochar than in
the biomass and might remain in soils for long time, for thousands of yeafsehmann,
2007). Owing to its stable and recalcitrant feature, biochar draws carbon from éh
atmosphere, and thereby provides a carbon sink to ecosysterfisshmann et al., 2009)

Zimmermann et al. (D11) considered several biochars from different feedstocks
and five soil types and observed that these factors all had a significant impact on the
inferred biochar stability, and differences in stability were not solely attributed to the
temperature of pyrolysis. The outcome of their study demonstrated, that biochasoil
interaction might enhance soil carbon storage via the processes @M sorption to
biochar and physical protection, over the long term. Zimmermann et al. (2011) reported
that after the biochar addition the mineralization rate increased, nevertheless it
decreased after a few months. During early incubation, soil mostly stimulated the release
of biochar-carbon, likely due to cemetabolism (Zimmerman et al., 2011)

Furthermore, due to the complex influencef biochar on the nitrogen cycle, biochar
addition to the soil can mitigate its greenhousegas emission both in the shortand long
term as well. Biochars produced at 209600 °C reduced MO emissions from agricultural
soil, as described Wang et al. (2013)

Responses of BO emission varied with the temperature of the applied pyrolysis
process, but clear correlation was not found between temperature and the reduction
order of N2O emission. The decreased emission was attributed to enhanced N
immobilization and decreased denitrification in the biochartreated soils (Wang et al.,
2013). With the alteration of soil pH, the proportion of NOMN2 transformation in the
process of denitrification changes, furthermore the composition of the microbial
community and the abundance of microbes that are involved in the N cycle shifts. Biochar
is also able to absorb the elements involved in the cycle KN* and NQ-), and due to the
improved soil aeration upon biochar addition, the denitrification rate is also decreasing
(Chen et al., 2019)
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Similarly to the other biocharmediated processes, the influencesfdiochar on
carbon sequestration and climate change mitigation can be optimized by the proper
setting of the feedstock type and pyrolysis conditions

2.5.2 Alternative environmental application of biochaydenefits and
drawbacks

Besides the agricultural applcation of biochar as a soil enhancer agent (presented
in the chapter 2.6), the high adsorption capacity resulted from its porosity and high
specific surface area, it offers many other possibilities of environmental applications
(Oliveira et al., 2017; Xie et al., 2015)

2.5.2.1 Biochar for various eironmental applications

Since biochar has the above mentioned unique characteristics to remove pollutants
from environmental matrices, the use of biochar in remediation processes has become
the focus of attention nowadays, mainly aimed at reducing the mdlty of pollutants
(heavy metals, inorganic and organic compounds) in both soil, groundwater, and surface
water. Through adsorption (chemisorption and physisorption), biochar may influence
the bioavailability of various heavy metals. Physisorption occurswhen a weak
electrostatic attraction forms between the biochar and a heavy metal ion due to the
polarization of the benzene ring in biochars caused by the proximity of the heavy metal
ions themselves. Besides this, the chemisorption of these ions is dobg the biochar
surface functional groups. Due to its own generally high pH, biochar increases the pH of
its surroundings, thereby reducing the availability of heavy metal ions. Through various,
usually interlinking processes (partitioning, surface adsorptbn, pore retention, and
microscopic adsorption), biochars are able to absorb organic pollutants as well, namely
PAHs, PCBs, phenols, and naphthalenes. Since, in addition to measuradbigsico-
chemical processes, many microbiological processes also affedtet degradation of
pollutants, it is difficult to quantify the reduction of the availability of these organic
pollutants by biochar. Furthermore, there is a lack oin situ long-term studies on the
organic and inorganic pollutant remediation capability of loochars; as a result, research
to explore ongoing processes will remain relevant in the near futuréChen et al., 2019)

Due to its capacity to remove various pollutants from aqueous solutions, it is
possible to use biochars in water treatment. The advantage of biochar over other
technigues already in use is that it is lowcost and renewable if made from readily
available feedstocks, and instead of removing just pathogens, biochar can remove both
biological, dhemical, and physical contamination. Furthermore, while the techniques
already in use usually produce carcinogenic bproducts and contaminants, biochar
maintains the water's organoleptic properties(Gwenzi et al., 2017)
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Because of its desirable fuel properties and comparability in calorimetric value,
biochars can finction as an energy source, however, their combustion characteristics
mainly depends on the pyrolis conditions and feedstockswith the optimization of the
pyrolysis process, the particle size can be reduced, and the surface area maximized,
thereby similar or higher calorific value and combustion properties can be obtained than
pulverized coal. When combusting biochacoal mixture together, biochar can effectively
reduce both the burnout and ignition temperatures and improve the conversion
efficiency andthe combustion characteristics(Chen et al., 2019)

During the pyrolysis process, usually, bi@il and biochar are produced
simultaneously. Researches showed that the burning rate of the emulsion created by
suspending the biochar particles in the bieoil was significantly higher than the bicoll
itself (Chen et al., 2019)

Biochar has been reported to act as a supercapacitor and battery, and since then,
there is a growing trend in the utilization of biochar in the energy sector too, mainly as
electrode material. Because during its production, mainly wastes or renewable sources
are utilized, biocharrelated energy storage technology seems to be the most
environmentally friendly as opposed to the other possibilities. To optimize their
electrical properties and abilities, researchers currently focus on modifying their surface
chemistry, porosity, and morphology, allowing room for the spread of the soalled
designerbiochars. The advantage of biochar use in fuel cells, rather than traditional ceal
combustion and then conversion of steam into electricity, is that they operate with less
energy loss, i.e., higher efficiendNovak et al., 2019) Biochar can be used as an electrode
or catalyst not only in chemical but also in microbial fuel cells to¢Chen et al.2019).

Animal growth performance can be improved by using biochar as feed due to easier
nutrient digestion and increased metabolism in both livestock, poultry, and aquatic
production. Quaiyum et al. (2014) reported that 2% biochar addition to their feed
significantly increased the specific growth rate of catfish and, at the same time, reduced
the NH:-N emissions (Quayum et al., 2014) Similarly, Fu et al. (2015) observed
improved growth performance, lowered total cholesterol in serum and triglyceride
levels, and reduced abdominal fat deposition in turkeys when they introduced wheat
straw biochar in their fodder (Fu et al., 2015)

Due to its affinity for non-polar compounds and a high number of surface pores,
biochar can be an excellent adsorbent of nobnly pollutants but also CQ, thereby
working as a carbon sink. This property is utilized not only in agriculture but also in other
industries as well, among others, construction and cement industry, which are
traditionally significant emitters of CQ. If biochar is made to adsorb Cgbefore mixing
into cementitious material, additional emissions of C&can be reduced, in addition to the
reduction of greenhouse gas emissions by the feedstock in the biochar itself.
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However, Gupta et al. (2018) found thattte addition of biochar saturated with C@
resulted in lower mechanical strength and permeability than fresh biochafGupta et al.,
2018).

Summarizing, in addition to soil amelioration there are promising possibilities
available for application of biochar in environmental technologies, such gsollutants
removal based on diffeent mechanism (e.g. adsorption, iorexchange, immobilization or
complexation of contaminants) and climate change mitigation.

2.5.2.2 Drawbacks of biochar application to soil

Although, the biochar application in various environmental technologies has
numerous bendits, there are some limitations of its use.

In many cases, with the application of the biochar, we may be able to reduce the
fertilizer and water inputs, however, in addition to the many beneficial properties of
biochar, it can also pose an environmentalisk. Since its properties are significantly
influenced by the choice of raw materials and the conditions of production, it is always
necessary to test the biochar to be mixed before it can be used as a soil additive. The high
porosity of the biochar is na always advantageous for improving the water retention of
the soil, because it might prevent the water uptake into its porous structure due to the
high hydrophobicity, which mainly depends on pyrolysis temperature. Biochars
produced at lower temperaturesfeature aliphatic hydrophobic functional groups. These
can be displaced with water resulting in an increased water holding capacitfl-Naggar
et al., 2019)

When using it as a soil amendment, the primary consideration is to avoid
introducing into the soil the elements and compounds that are harmful to its condition,
which can significantly contaminate the soil, or deteriorate the groundwater or surface
water. For this reason, the biochar feedstocks and the technological parameters have to
be chosen very carefully, even during production. Generally speaking, the nualatile
elements in the feedstock will also be present in the product; moreover, they will be
enriched compared to the starting biomass; therefore, special attention should be paid to
these elements or compounds. Besides, the degradation processes at Higimperature,
reductive environments may also result in the formation of later contaminants. The most
common organic pollutants produced during pyrolysis are polycyclic aromatic
hydrocarbons (PAHS), polychlorinated dioxins and furans.

Freddo et al. (2012) condwted their studies using biochars produced from larch,
bamboo, corn, and rice straw raw materials with a residence time of 12at 300°C and a
residence time of 2.5h at 600°C. The study aimed to determine the effect of different
feedstocks and productiam conditions on total PAH and heavy metal content.
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They found that there was a significant difference in the PAH components'
concentration between the biochars produced from each feedstock and by increasing the
pyrolysis temperature, the concentration ofthe PAH components could be reduced.
Similarly, the choice of the feedstock had significant influence on the concentration of
heavy metals (Cd, Cr, Cu, Ni, Pb, Zn, As); however, the effect of the temperature change
did not show a similar tendency to the PA components(Freddo et al., 2012)However,
it is essential to note that, because of the significant differences in content, it is always
necessary to analyze the soil additive in order to avoid severe damage to the
environment.

In addition to the heavy meal and PAH content of biochar, other biochamediated
processes can pose a risk to soil functions. As a consequence of immobilization, the
reduced availability of nutrients like nitrogen in the soil may affect a risk to crop
productivity (Kuppusamy et al., 2016) Moreover, itis widely demonstrated, that biochar
has evident effects on the fate and effects of nutrients and pollutants in soil, and it has
been also shown to influence the bioavailability of pesticide¢éKhorram et al., 2016)
Numerous studies have demonstrated the influences of biochar on the adstion of
pesticides in soil. Due to the adsorption capability of biochar the efficacy of pesticides
may be influenced in soilKhorram et al., 2016; Martin et al., 2012)

2.5.2.3 Ecotoxicity of biochars

There is no doubt that biochar application to soil is very appealing due its key
benefits such as improving soil functions and reducing or eliminating organic wastes and
by-products. However, the fact that the raw materials (feedstocks) and also the biochar
product may contain high concentrations of organic and inorganic contaminants imposes
the assessment of the environmental and human risk to provide information for a &a
biochar application. Prediction of the risk of biochar in soil is mainly carried out based
on physicochemical characterization of pure biochar to quantify the contaminant
concentrations such as metals and PAHK. Chan and Xu, 2009; Hospido et al., 2005)

However, the bioavailability of these contaminants as well as other biochar
mediated processes in soil such as changes in soil texture, pH, availability of nutrients
etc. might affect soifunctions as well as the soil habitat, and may result in differences in
ecotoxicity. Accordingly, the characterization of the ecotoxicity of biochars to terrestrial
organisms prior to field application should be one of the main activities for a safed risk
based application.Numerous studies demonstrated the importance of ecotoxicological
criteria in characterising the complex effects of biochar in soil (Domene et al., 2007;
Domene et al., 2015; Molnar et al., 2016; Tammeorg et al., 2017; Yang et al.,9201
Therefore, the assessment of the possible toxicity of biochars to terrestrial plants and
animals, leading to loss of soil functions, are generally performed.
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Several researchers investigated biochar parameters, particularly pyrolysis
temperature, influencing the manifested toxicity. (Bargmann et al., 2014; Hagner et al,
2016). Conflicting results were observed regarding the effect on plant growth. Biochars
may stimulate or inhibit plant growth, depending on the biochar type, rate of application,
soil or plant type (Oleszczuk et al., 2013; Solaiman et al., 2010; Solaiman et al., 2012; Van
Zwieten et al., 2010a). According to Bargmann et al. (2014) and Hagner et al. (2016)
biochars produced at low temperature (~300°C) had negative effect on plant growtbut

no toxic effect was observed with biochars pyrolysed at higher temperature.

Soil living animals as test organisms for assessing the quality of soils and the habitat
function are of paramount importance. In connection with biochar research, studiesa
focusing on acute mortality reproduction and the avoidance testing with soil living
animals (e.g. potworms, earthworms, collembolans, isopods). Ecotoxicity tests using
plants and animal test organisms in biochar treated soils showed both favourable and
unfavourable changes in the toxicity, depending on the type and applied dose of biochar
and soil properties (Domene et al., 2007; Xavier Domene et al., 2015; Gruss et al., 2019;
Hale etal., 2013; Marks et al., 2016)

The ecotoxicity studies carried out with biochars in soil systems demonstrated, that
prior to a safe field application the ecological and ecotoxicological effects of biochars on
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2.6 Biochar as a potential soil ameliorant

According to the latest research, biochar is frequently used as a soil ameliorant,
particularly to improve the physico-chemicalproperties, to increase the nutrientsupply
of less fertile sols, and to enhance crop yield. The following is a summary and description
of the main effects that have been identified in the numerous researches throughout the
use of biochar as a soil ameliorant.

2.6.1 Effects on physicghemical parameters of soil

As ElNaggar et al. (2019) summarized, that the alkaline biochar can alter the soll
pH, depending on its own initial pH, soil type, and the used biochar feedstock, pyrolysis
conditions, and the applied ratio. In the case of acidic soils, the addition of the biochar
might increase soil pH, affecting the bioavailability of nutrient{ EI-Naggar et al., 2019)
Application of biochars can induce a liming effect, due to their high pH and ash content
that neutralizes soil acidity, thus enhancing soil quality. The potential pH range of the
biochars is quite extensive, depending on the typand temperature of pyrolysis, and the
type of biomass, but in general, the pH of the biochars ranges from pH 6.0 to 11.0.
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Van Zwieten et al. (2010) reported significant liming effects on acidic soils upon
biochar mediated soil improvement, however, theravere no significant changes in the
pH of biochar treated alkaline soi(Van Zwieten et al., 2010) As opposed to this, Fellet et
al. (2011) experienced a significant liming effect at 10% biochar concentration, where
the soil pH was 8.13 in the absnce of biochar and 10.2 in biochatreated samples(Fellet
et al., 2011)

One of the most essential properties of biochars is the porous structure and the
large specific surface area. When mixed into soil, biochar changes solil texture, pore size
distribution, bulk density, and might stabilize soil aggregates, influencing soil aeration
and water holding capacity. These properties affect plant growth, fertility, as well as soil
cultivation. (Ajayi and Horn, 2017; Burrell et al., 2016; Laird et al., 2010)Compared to
other soil types, sandy soils feature a small specific surface area, resulting in less retained
water. Due to their porous structure and high surface area, biochars (especially high
temperature-biochars) might be able to retain more water; thus they are suitable to
increase the water holding capacity of sandy soils.

Biochar can reduce the leaching of various plardvailable nutrients from soil by
irrigation water, and this process is highly corréated with the higher surface area of
biochar (Laghari et al., 2016) In the study of Mukome et al. (2013), rice husk biochar was
mixed into acidic soil at 10 t/ha rate under rice cultivation. The authors found increased
soil porosity, available water and decreased bulk density just after 45 days, resulting in
a growth in the rice cropyield. From this study, they concluded that studied ricdusk
biochar can effectively increase soil porosityMukome et al., 2013)

Due to its high specific surface area and its native surface charge, biochar
enhances the soil cation exchange capacity (CEC). Following its incorporation into the
soil, the hydrophobic compounds were leached due to abiotic oxidation and the phenol
groups were increased(Cheng et al., 2008) but the positive outcomes were mainly
observed on the long term(Gregory et al., 2014) As a result, the nutrient binding capacity
of the soil increased, thus reducing the risk of leachin@heng et al., 2008)

Another positive effect of the biochar is the increase in soil CEC which makes it
suitable for use in remediation immobilizing pollutant components in areas damaged by
heavy metals, arsenic, and other organic contaminan{Roberts et al., 2017) However,
the impacts of biochars on soil CEC are dependent on many factors (type of sall,
production conditions and application rate of biochar). In a 9@lay incubation
experiment.
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El-Naggar et al. (2018) tested 3 types ofibchars produced at 50600 °C (amur
silvergrass residue, paddy straw and umbrella tree wood) which were mixed into two
types of low fertility soils (sandy and sandy loam) at 30 t/ha rate. In the case of the
studied sandy soil, the CEC increased signifiagdnupon all biochar additions. However,
in the sandy loam soil, only the paddy straw BC increased the CEC while the other biochar
types did not influence soil CECEI-Naggar et al., 2018)

With its own nutrient content, biochar improves the nutrient supply of the soil and
increases the availability of plantaccessible nutrients, although its nutrient composition
is highly dependent on the feedstock and pyrolysis catitions. The nutrients that can be
directly absorbed by plants are contained in the ash fraction; the ones that can be
absorbed by a longer mineralization processes are in the labile fraction, while the
persistent fraction contains components which degradeover centuries (Rékasi and
Uzinger, 2015)

2.6.2 Effects on the soil biological activity

Pyrolysis increased the porosity and the specific surface area of the resulting
biochars, compared to the original feedstocksrom the start of biochar research, the role
of micropores as habitat for sodliving microbes has been hypothesized, protecting them
from environmental stress, such as desiccation or predatordRalebitso-Senior and Orr,
2016).

However, it is urgent to underline that the importance of these micropores highly
depends on the type of the biochar and the distribution of the different pore sizes.

Quilliam et al. (2013) found in a3-year field experiment that about 17% of the
wood-based (HTT: 450 °C) biochar pores were uninhabitable because their diameters
were <1 um. Furthermore, against/as opposed to their hypothesis, the larger pores were
less populated, and in some cases, theyeve blocked by mineral aggregations.

They found that there was no significant colony formation by microbes either on
the surface of the biochar or in the soil matrix. The low mineral content of biochar, which
was low in relation to the soil mass, and ithigh sorption capacity for low molecular
weight substances, explained the low colony count both on the surface of the biochar and
in the soil matrix. The researchers also believe that it may take several more years to
build up large microbial colonies on he biochar surface than the threeyears period
examined in the study, due to the adverse effects caused by the presence of high
concentrations of mineral salts, PAHs, which are often present in fresh biochars and have
various effects on bacteria and fungi.The authors expect increased microbial
colonization on the long term due to the physical weathering, accompanied by higher
levels of metabolically available carborfQuilliam et al., 2013)
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Figure 7 Electron micoscopy images of the surface of the biochar: (a) pore plugging by soil (b)spatial differences of
biochar (c) and (d) colonization on the biochar surfa¢®uilliam et al., 2013)

Figure 7 shows electon microscopy images of a mixture of biochar and soil to be
improved used in above mentioned experiment of Quilliam et al. (2013). The outer
portion of the biochar-soil interface, where the arrow points, shows pore plugging (a), as
well as diverse spatialdifferences and rare microbial colony formation in the image
labelled (b). Images (c) and (d) show colony formation by hyphae and singtll
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cm) of biochar, which wee not as populated as smaller particles even after 3 years of
field application. As opposed to this, in field biochar applications, farmers usually use
their usual equipment for fertilizer distribution, which is optimized for the particle size
ofthe minecOAT AAOOEI| Euikam@tal,poydy 1 1

However, Gul et al. (2015) reported that the properties of the biochar and the
biochar-mediated changes in the physicehemical attributes of the soil affect the activity
of the microorganiams. The surface of the biochar and the pores can serve as habitats for
microbes, furthermore, biochar particles create small hollows in the soil where these
organisms can survive. Biochar also improves soil bulk density and pH, therefore it helps
air, water, and nutrients move within the soil matrix, all of which stimulate microbial
activity. In addition, due to its dark black colour, biochar absorbs sunlight better,
providing a warmer environment for the microbes to grow faster and increase enzyme
activity . This direct beneficial effect of biochar on soil quality and microorganisms results
in an indirect effect on plant growth(Gul et al., 2015)

Warnock et al. (2007) states, that th pores in the biochars and hollows in the saill,
also, serve as suitable habitat and provide shelter for sedlwelling microbes such as
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and protect them from soil predators of micro-arthropods (Warnock et al., 2007)
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The chemical properties of biochar can also affect microbial growth. Such is the
surface charge, which is capable of binding microbial cells, chemical compounds, and
ions; the mineral content and DOC (Dissolvedrganic Carbon), which is leached from the
biochar. DOGike substances and other metabolizable -€ontaining substances, as well
as pH, can play an important role in the growth of microorganisms. Grapositive
bacteria favourably utilize carbon derived fran biochar and prefer more the alkaline pH
created by the use of biochar than Gramegative bacteria. Nevertheless, with the ageing
process, its pH decreases, and this process promotes the establishment and growth of
fungi in the pores on the long term(Gul et al., 2015)

Biochar might enhance bacterial and fungal abundance, however, negative effects
were also reported by EtNaggar et al. (2019). In the case of an incubation study, 10.3%
and 21.9% decrease was observed in the total fatty acid methyl ester groups (which
OADPOAOGAT 6O OEA OTEI GO0 1 EAOI AEAI Alii Ol ECEA
vegetable wastes and pine cone at 500°C, respectively. On the other hand, in the same
study, the addition of biochars produced from the same feedstocks but at lower
temperature (200 °C) resulted in higher microbial activity and abundance in the
examined contaminated ice paddy soil. The authors of the paper concluded that the
observed processes can be attributed to the elevated labile carbon substrates that were
easily accessible to the soil microorganism@l-Naggar et al., 2019)

2.6.3 Effects on soil fertility

The application of biochars with various origins can improve degraded soils wit
low fertility, thus increase crop productivity, however, some studies suggested that the
biochar application by itself is not sufficient enough to cardinally improve the degraded
soils properties and enhance their crop productivity (Schmidt et al. 2015)he effects of
biochar addition on soil fertility can be grouped into topics relating to crop productivity,
nutrient (especially N) cycling, soil pH, cation exchange capacity, microbial communities,
water retention and hydraulic properties as well as carbn sequestration.

Biochars also have the capacity to retain different macronutrients (especially N),
due to their own nutrient content that was present in the original biomass. Biochar use
increases nutrient retention and use efficiency and reduces theleaching, resulting in
improvement in soil fertility (EI-Naggar et al, 2019). In an experiment conducted by
, ACEAOE AO Ai8 jg¢mpuqgh OEAU &£ OT A OEAO "# A/
oxMt¢chbh 0 AU ooyMyxymbh AT A #A AU o¢owMyxyub jATI
Furthermore, they reported a significant increase not only in the elemental
concentrations but also in crop growth due to the better nutrient supply by biochar
addition (Laghari et al., 2015)
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The biochar's effects on the soil nutrient retention can be attributed to its basic
properties such as pH, porosity, and specific surface area and CEC, that have already been
discussed in the previous chapters. Although can be concluded that highhemperature
biochars have the best ability to neutralize the pH of acidic soils due to their high pH and
promote soil nutrient retention. As opposed to this, lowtemperature biochars feature
higher cation exchange capacity,dwever, they do not have any significant impact on the
pH of acidic soils, but, they might decrease alkaline soils' pH. Based on the complex effects
of the biochars on the soil properties, both the direct and indirect effects should be
considered while asessing its influence on the supply and retention of nutrients.
Biochars tend to have a more outstanding effect on crop productivity in case of acidic or
sandy soils, then in loam or silt soils, due to the biochars' ability to neutralize the soil pH
and toimprove the physicochemical properties of these soils. On the other hand, there
are contradictory results in the literature because the impact of BC application seems to
be highly dependent on the experimental setip and conditions. Because of that, theris
a new effort to assess and evaluate the mechanisms by which biochars act on crop
productivity in long term field studies using a wide range of biochars in different soil
types (EI-Naggar et al., 2019)

Spokas et al. (2012), in their review collected results from 25 countries to compare
the agronomic impact of differentbiochars, paying particular attention to a decrease or
increase in yield comparing to the control. According to their study, almost 50% of the
studies reported a shortterm positive effect, ~30% found no significant difference, and
~20% reported a negative effect on crop productivity upon biochar treatment. It should
be noted, that in most cases, an increase in yield was observed in degraded soils,
however, the observed neutral or negative biochamediated effects on the yield
occurred in fertile soils. Trey also found that the greatest improvements in crop
productivity were experienced with biochars made of hardwood or featuring high N
content (e.g., poultry manure)Spdkas et al., 2012)

2.7 Biochar for soil improvementpresent gaps and future research
directions

In rehabilitating soils with low fertility and agronomic performance, biochar
application can be an excellent alternative to traditional soilmprovement methods;
however, its applicability is highly dependent on the experimental conditions.

Kuppusamy et al. (2016) formulated the following goals in biochar research of the
times to come: (a) study of the changes in the biochar surface chemistry and soil physical
properties in all experimental applications; (b) biocharoriginated, essential, trace and
toxic nutrient availability and their movement in the matrix of soil; (c) influence on the
abundance or minimization of beneficial soil microbes, weeds and crop growth
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(d) influence of biochar on the sorption or desorption rates and mechanisms of soil
contaminants, herbicides or pesticides and the assessment of the fate and interactions of
sorbed biochar in soil (breakdown/leaching/eco-phytotoxicity); (e) duration of
agronomic, greenhouse gas mitigation or sequestration benefits of biochar; (f) stability
and life-cycle assessment of biochar in all soil types; (g) @pplication potentials and
demerits of biochar with other organic and/or inorganic materials, and if sub
combinations can serve as more effective soil ameliorants in the present scenario
(Kuppusamy et al., 2016)

According to EfNaggar et al. (2019) the research on biochar of the recent years
mainly focused on acquiring certain effectiveness through designing the applied biochar
starting from the choice of feedstock through pyrolysis conditions and activation
methods. However, the cost of biochar application should be minimized to make it widely
available; therefore, valid minimum BC application rate should be identified,
further more, experiments with high application rates should be avoided, and €o
application with other soil additives (co-composting) should be preferred. Since the
interactions between soil and biochar are not fully understood, further research is
needed, especilly on the effects of biochar on soil biota due to the positive or negative
priming. To maximize the performance in soils with low fertility, standardization of the
production and application methods of biochars for dealing with each specific problem
in the soils concerned could be an optimal solutio(El-Naggar et al., 209).

Similarly, to the above mentioned research (ENaggar et al.,2019), Edeh et al. (2020)
highlighted that, from an economic point of view, preference should be given to research
using lower-dose biochar treatments, since most of the studies reviewediftheir meta-
analysis used >30 t/ha biochar application rates. The authors suggested the necessity of
more research to investigate the impact of biochar preand post pyrolysis modifications
in achieving high efficiency at the lowest applicable dose pab¢e (Edeh et al., 2020)

According to Edeh et al. (2020) the most critical property of biochars is their ability
to enhance soil water retention, however, it depends mainly on the biochar surface
properties, which is currently a less researche topic.

There is an order of magnitude difference between the number of field and laboratory
or greenhouse experiments, which, in addition, in some cases, give conflicting results.
The difference in results can be attributed to the conditions (weather anenvironmental
factors) prevailing in the open field, and in most cases, field experiments are lotgrm
(Edeh et al., 2020)Edeh et al. (2020)studied mainly the effects of biochar on soil wadr
circulation; however, it is a proven fact that the properties of biochar change over time
as a result of the ripening processes, effecting its stability, structure, and compositi¢ate
la Rosa et al., 2018)
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Other studies demonstrated that biochar application with longterm residence time
in soils resulted in changes in biochar properties, which affected both bacterial and
fungal communities in soil(Budai et al., 2016) Therefore, it is essentibto carry out long-
term (>2 years) field studies to address the questions raised around biochar ageing and
its effects on agronomic performancéEdeh et al., 2020)

There are also gaps in assessing the ecotoxicity of biochars, despite the thet
several studies have been performed on this issue. Depending on the feedstock and the
parameters of the pyrolysis, some biochar products applied for soil improvement may
pose risk to soil biota and their functions due to their potential contaminatiorwith heavy
metals and polycyclic aromatic hydrocarbongDomene et al., 2007, 2011, 2014; Xavier
Domene et al., 2015; Feigl et al., 2015; Freddo et al., 2012; Gruss et al., 2019; Oleszczuk
et al., 2013, 2014) For this reason, several studies have outlined the need to assess the
environmental risk of biochar application in soil using various bioassays with selected
test-organisms (Domene et al., 2015, Molnar et al., 2016, Farkas et al., 2018; Gruss et al.,
2019). The most research concerning biochar ecotoxicity assessment has bezmarried
out using biochars from various wood, plant and other agricultural material feedstocks
(Domene et al., 2014, 2015; Gruss et al., 2019; Oleszczuk et al., 2013, 2014); however, a
range of biochars applied in laboratory and field experiments are puced from waste
materials (Domene et al., 2007, 2011; Farkas et al., 2018; Feigl et al., 2015; Molnar et al.,
2016), which deserve special attention in the field of biochar ecotoxicology.

The growing interest in field-scale application of biochars for sdiamelioration
highlights the need for the assessment of the health hazards of biochar application. The
various biochar products might pose risk to human health as well, for example through
contaminated foods and water originated from biochar applicationKloss et al., 2014;
Ndirangu et al., 2019; Rogovska et al., 2012The toxic element release and dibarge
into water through biochar application in soils might pose hazard to humans.

Biochar fine dust may be also dangerous to human health during application in
agricultural sites (Ndirangu et al., 2019. Biochar application may increase dust emission
andthereby result in elevated concentrations of pollutantdGelardi et al., 2019)

While the investigation of biochar ecotoxicity has become more and more
important recently, the human health hazards of biochar application to soils is extremely
slightly researched.
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As discussed in section 2.4.3., there is currently no uniform regulation on the
production and use of biochar, although the properties of biochar pragtts and the
parameters of application are very diverse. For this reason, three voluntary
organizations have emerged with biochar qualification standards. These certifications
are the European Biochar Certificate (EBC), the International Biochar Initiativ@Bl) in
the US and the Biochar Quality Mandate (BQM) in the UK. There are however differences
in the parameters in these biochar certificates and the associated thresholds. The
discrepancies can lead to inconsistencies in both the scientific and legisia
frameworks, so there is an urgent need for standardization.

Based on the extremely widespread and extensive scientific literature on biochar
application aiming at soil improvement the gaps and the main future directions could be
summarized as follows:

- to study the biochar surface functionality and hydrophobicity;

- toincrease the number of field trials;

- to study and predict the longterm effects and stability of biochar in soil;

- to favour low-dose biochar research;

- toinvestigate and evaluate the ecotokity of ‘unconventional' biochars produced
from waste materials;

- to assess the health hazards of using biochar;

- to harmonize the biochar legislation and testing methodology for the safe and
effective use of a given biochar product.
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3. Objectives

The scope of this PhD thesis is to develop a biochdrased soil improvement
technology in the framework of a multistep technology development while assessing
AT A AOAI OAOET ¢ EOO AEEAAOCO 11 OEA AgAI ET AA Ol
this thesis arethe following:

1. To establish a multicriteria decision system for characterizing, ranking and
selecting biochars of different origin for soil improvement.

2. To test the applicability and compare the performance of multiple biochar
products in laboratory-scde microcosms prior to the field study.

3. To characterize and evaluate the applicability of a previously selected biochar
product to an acidic and a calcareous sandy soil at field scale, therefore to
choose/select a biochar product and the rate, which efféigely improves the
physico-chemical and biological properties of the studied soils as well as to
demonstrate that the biochartreated soils provide a better habitat to so#living
organisms.

4. To measure and evaluate the biochamediated effects on an acig and a
calcareous sandy soil, to determine the influences on soil physiahemical and
biological properties and characterize the dependence on soil type and biochar
dose,

5. To assess the applicability and pertinence of the complex monitoring toolkit
comprising a wide range of methods, which examine the applicability of a certain
biochar from several perspectives (physicechemical, biological and
ecotoxicological) treating soil as a unit.

To achieve these aims, the following tiered technology developmeritas been
applied.First, 14 biochars produced from different feedstocks and with varying pyrolysis
conditions have been screened and characterized with a complex methodolgog$hat
consist of both physicechemical analysis, monitoring of the biological panaeters and
ecotoxicity testing. Based on the results, a priority list was prepared.

In the second phase of the scalep technology development microcosm
experiments of various size and duration were carried out, with both acidic and
calcareous sandy soilsnd at different biochar concentrationsaiming to assess the effects
of the selected biochars on soils and to recommend the most efficient treatments for the field
application

As the last step, field studies were carried out simultaneously at two sigdeaturing
an acidic sandy, and a calcareous sandy soil applying one selected biochar at three
different concentrations. The changes in the soil properties upon biochar treatment were
monitored with an integrated approach examining the impact of biochafrom multiple
perspectivesfor 2.5 years.
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4. Materials and methods

In this section, first, the materials used in the experiments will be presented,
followed by the detailed experimental designs.

4.1 Presentation of the materials used in the experiments and their
properties
As a first step of the scalaip technology development 14 biochars of different
origin were purchased and tested with an integrated methodologya assess their

applicability as soil ameliorants. The biomass feedstock of the examined biochaend
their pyrolysis conditions is shownin Table 1.

Table1 Properties of the biochars tested in the first phase

Pyrolysis Pyrolysis
Biochar code Biomass temperature residence time
(°C) (min)
Grain husk and papefibre sludge 500 °C 20
Grain husk and papefibre sludge,
post-treated with nitrogen, 500 °C 20
- compost and stone powder
Grain husk and papefibre sludge,
post-treated with digestate, 450 °C 20
- minerals
Grain husk and papefibre sludge,
post-treated with digestate, 450°C 20
- minerals and organic liquid
- Woodscreenings 600- 700 °C 20
BC&V Vine prunings 600- 700 °C 15
BC7-BC Black cherrywoodchips 600- 700 °C 15
‘BC8&S Straw from wheat 600- 700 °C 15
- Miscellaneous meadow plants 500- 700 °C 15
(after mowing)
'BCIONB  Natural biomass(herbal pomace 700 °C 15
'BC11-WSD Wood sawdust 600- 700 °C 20
'BC12SP Spelts mixed with paper (2:1) 600- 700 °C 15
'BC13CM Cow manure 650- 750 °C n.a.
BCl4M Miscanthus 600- 700 °C 15
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A wide range of biochars wastested, including plant, manure and industrial by-
product-based biochars andalso, posttreated variants of some of these biochars. BC1,
BC2, BC3 and BC4 were purchased from Sonnenerde Gmbust#a, BC5, BC6, BC7, BCS,
BC9, BC10, BC11, BC12 and BC14 from Pyreg Gmbh., Germany, while BC13 from BOS
FRUCHT Agricultural Industry Producer, Processor and Sales Cooperative, Hungary. All
the biochars were produced in a Pyreg® type pyrolyzer, except BBl which was
produced in a Super Stone 500 pyrolyzer. The biochars were sprayed with watep to
30% water content to avoid selfcombustion 5 min after pyrolysis. In the case of biochars
BC1 z BC4 different posttreatments were carried out. According to thh AET AEA 0S8 O
distributor, Sonnenerde Gmbh., BGPFSA biochar was acidified with sulphuric acid
immediately after production and then sprayed with ammoniumsulphate solution,
resulting in an increased N content up to 5%. This "ldctivated" biochar was then
additionally biologically activated in a composting process. After 4 weeks the finished
soil activator (BC2PFSA) was sieved (<8 mm) to remove the compost from the mixture
(https://www.sonnenerde.at/ ). In the case of BC3 and BC4he activation was carried
out by spraying digestate on the surfacend the other additives were added afterwards.

All biochar samples were stored in plastic zidock bags until analysis/further
application.

Based on the results oftie multicriteria scoring system, biochars on the top of the
priority list ( Table 8) were used in one shoriterm and two long-term microcosm
experiments. Considering the performance of biochars, their price and availability, in the
first phase we selected the grain husk and paper fibre sludge biochar (B®ES) for a 2
weeks-long pot experiment aiming to monitor its shortterm effects on both acidic sandy
and calcareous neutral soil (Shorterm microcosm experimentz No. 1).

Simultaneously, a larger microcosm experiment was set up (miterm microcosm
experiment z No. 2) focusing only on the improvement of acidic sandy soil and applying
not only the BCXPFS biochar but also two other, promising biochars from the priority
list (BC2-PFA and BC5W). BC2PFSA was thevell-performing post-treated version of
BCLPFS, postreated with nitrogen, compost and stone powder. BGSV, wood-based
biochar was selected for its high score and availability.

Meanwhile, another Lyear microcosm experimenn was initiated (mid-term
microcosm experimentz No. 3) to test the effect of higher biochar doses, namely the
woodscreening biochar (BC5W), which performedexceptionaly well after half a year in
microcosm experiment No. 2 and the Chinese reed biochar &4-M, miscanthus).The
properties of the biochar used in the microcosms experiments are given fable 2.
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Table2 Properties of the selected biochars

Biochar Biochar Biochar Biochar

BC1-PFS BC5W BC2-PFSA BC14-M

grain husk . grain hus.k and

woodscreening paper fibre .
and paper Miscanthus
fibre sludge S sludge (post
g treated)

TumMUT emmMy T TuvmMu T enmmMy T
20 15 20 15
8.8 9.3 6.8 7.62
194 551 1365 199
60 80 32 84
1.76 2.07 1.61 0.134
175 284 4.6 440

1.45E-1 5.33E-2 2.07E-2 234 E1

0.063 0.027 0.002 0.173
169 151 105 247
1.49 1.15 1.37 0.6
5713 1610 5010 1100
8889 16871 20894 7500
0.27 0.15 n.d 0.18

1IMethodologies explained in Supplementar Material, Section 9.2 EC: electrical conductivity, WHC: water holding
capacity

2Loss on ignition in biomass, based on Sluiter et al. (2008).

3Density measured with a Hepycnometer based on Thommes et al. (2015).

4BET specific surface area measured by low temperaturel@6 °C)nitrogen vapour adsorption by BET model based
on Brunauer et al. (1938).

5 Ammonium-lactate-soluble P:Os and K2O were determined according to HS 20135: 1999

6Data provided by the manufacturer
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During the mid-term microcosm No. 2, not only the effestof biochars on the acidic
OTEI 60 POI DAOOEAO xAOA T AOGAOOAAR AOOThAT O OEA
compost contains 45/ 9% communal sewage sludge, 29 v % agricultural by-products
(wheat and hay straw, sunflower stalk, sawdust etc.), 27 v % green wastes from parks
(grass, branch trimmings etc.) and 3/vb n," ET | AOO + A Dabld3showd tHe A
main properties of the applied compost.

~ N

I AT O8

Table3 Main properties of the applied compost

pH?1 Total K3 Total P3
(xF10)) (ma/kg) (ma/kg)
7.50 8.12 8243 10259 1.16

1Data provided by the manufacturer2 Determined by ISO 14235, 1998.
3 Determined by HS 2147650, 20064 Determined by ISO 11261, 1995.

Properties OM? (%) Total N4 (%)

The soils that were used in the laboratory microcosm experiments and the field
study were originated from the sites where the field studies took place (Nyirlugasacidic
sandy soil;y OA T OZLcHIthleous sandy soil). The properties of the soil are given in
Table4.

Table4 Properties of the soils at the two experimental sites

Acidic sand Calcareous sand

(Lamellic Arenosol)  (Mollic Umb risol (Arenic) )

85:10:5 81:13:6

CEC(megioog 143 0,05
Hygroscopic capacitg (%) 0 02
Oganic mattert (4,%) 05 10
OO 73
TomlKS@moky) | 11 2152
TowlPo(mgky) 260 545
ToRINTEH oo 0.6
cac@®) o0 2

1Texture (sand above 0.05 mm, clay below 0.002 mm particle size) based on the different sedimentation velocity of

particles according to HS 08205:1978.

2 CEC was measured with the modified method of MehlighS 080215:1978).

3 Hygroscopic capacity is the soil moisture content determined by its water saturation in a wedlefined vapour tension

space according to HS 08205:1978.

43T ET T OCATEA 1 AOOGAO AT 1 OAT O x ABlack AethodiH3Ag0450:.0080).C OEA 11T AEAAA 7
5 pH was determined in 1:2.5 soil:water suspensions after standing for 12 h based on HS 214%0981.

6 Determined after extraction with cc. HN@and H:O; with ICP-OES according to HS 214780:2006.

7 Determined by ISO 11261:1995.

8CaCQ was measured using the Scheibler gaslumetric method (HS08-0206/2:1978).
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4.2 Experimental setip - scaleup technology development

The technology development carriedout in the framework of my PhD research
started with the characterization and rankingof different biochars employing a complex
methodology consisting of various physicechemical and biological methods and
ecotoxicity testing. Previously, more than 25 biochar products were investigated, but
several of these were prepared from similar feedscks under the same pyrolysis
conditions, or in some caseswe had only small quantities from trial pyrolysis, so we
selected 14 biochars for the screeninganking program.

The bestperforming biochars from the first phase were then applied in microcosm
experiments of different duration to compare their performance in different doses and
soil types. Based on the results, the biochar from grain husks and paper fibre sludge was
chosen as the best one for the long term field experiment at two sites, to mouwiitits
effects on the parameters of an acidic sandy and a calcareous sbibre 8).

Field demonstration

. Application of biochar
Microcosm . .
as soil ameliorant to

©) experiments acidic sandy and
Assessment efficiency .glcareous 50|Is

Screening and applicability of
Characterization biochars prior to field
and ranking of trials

biochars of

different origin

» Priority list

Figure 8 Schematic view of the steps of the seafetechnology development

The corresponding experimental setup and the applied methods will be
discussed separately for each phase of technology development. The main steps and the
relevant parameters of the scalaup technology development are summarised ifable5.
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Table5 Scaleup technology development concept
Concept of scale-up technology development

Short-term
microcosm
experiment

- 1500 gr

- 2 weeks

- 2nd week

14 biochars of

different origin BC1-PES

0.5%/,%;
1w/ %;
1.5%/ v %

Original products
without dilution

Acidic and
- calcareous
sandy soil

Development of a
multicriteria

scoring system &

establishing the

Assessment of
the effect of
BC1PFS in both
soils, screening

riority list of effective
P y concentration
C+B+E C+B+E

Mid-term
microcosm
experiments

3000 gr

12 months

Start, (2nd
month), 6th
month, 12t

month

BCLPFS, BC2
PFSABC5W,
BC14M
0.1v/, %;
0.5/, %;
1wl %; 2W/ v
%

Acidic sandy
soil

Compost, NPK

Sekction of the
best performing
biochar for the

field trial &
comparative
evaluation of
the effects of
various
biochars and
doses

C+B+E

*C-physico-chemicalanalysis; B biological activity analysis; Ez ecotoxicological analysis

58

1280 m2- 64
plots (4 x 5m)

30 months

Start, 5 month,
and 30 month

BC1PFS

0.1v/ y %;
0.5%/  %;
1w/ W%

Acidic and
calcareous
sandy soil

NPK

Verification and
demonstration

of the soil

improvement
technology

C+B+E



4.3 Experimental desigruring the technology development

This chapterwill present the experimental setups and conditionsof each phase of
the carried out technology development

4.3.1Characterization of biochars and the setypof the multicriteria scoring
system

The 14 biochars used in the first phase were stored at room temperatuf@3°C), in
zip-lock bags prior testing. The tests were conducted with the nate, air-dried and non-
ground biochars.

4.3.2Shortterm microcosm experimergtNo. 1

Figure9 Assembled microcosms for incubation

The experiment started on April 14, 2015. The assembled vessels contained biochar
BCLPFS (from gran husks and paper fibre sludge), mixed with acidic sandy soil from
. UpoOl 6¢CcT 6 AT A AAI AAOATTHS GoilsGritiout bio&@i servedy @A T OO U
untreated control (Figure 9). The properties of the applied biochr and soils are shown
in Table2 and Table4. The applied biochar doses were 0% w %, 1%/ w % and 1.5%/ w %.
The appropriate amount of biochar was manually incorporated into the soil. The
experiment wasrun in three replications, including the controls. Soil samples werg¢aken
after 2 weeks to evaluate the shorterm effects. The starting weight of themicrocosms
was 1.5 kgeachand theywere held at room temperature (23°C).
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4.3.3Mid-term microcosm experiant ¢ No.2

After the pot experiment, a midterm laboratory microcosm study was carried out
to evaluate the effects of 3vell-performing biochars (grain husk and paper fibre sludge
biochar (BC1-PFS), grain husk and paper fibre sludgeiochar post-treated with nutrient
and compost (BC2PFSA), woodscreeningdiochar (BC5W)) on the properties of a
typical acidic sandy soil in Hungarfproperties are shown inTable4), as well as on maize
plant (Zea may}¥ parameters.

Table 2shows the main properties and the pyrolysis conditions of the applied 3
biochars. BC1:-PFS and BGAV biochars were not posttreated, but BC2PFSA was a post
treated version of BC1PFS (enriched with ammoniumsulphate, posttreated with 40%
compost and 10% rockstme). BCIPFS and BCPFSA biochars originate from
Sonnenerde Ltd., Austriathe BC5W biocharfrom Pyreg Ltd. Germany.

The experimental setup comprises soil microcosms with the three discussed
biochars BC1X:PFS, BCPFSAand BC5W), mixed into the acidicsandy soil at 0%/ w %
(control), 0.1 W/ w %, 0.5%/ w % and 1%/ w % rate and soil microcosms with compost (C)
and fertilizer solution (NPK) alone, and in combination with the biochars (except BC2
PFSA) at 0.5 w/w %, as described ifable 6.

The manufacturer recommended composapplication at 0.5%/w % (15 t/ha) dose,
but we applied it only at 0.33%/ w %, to limit its pronounced effects on the examined soill
properties. The compost (from ASA Hungary Ltd., marketing #wrisation code:
04.2/1057-1/2013) was applied to the soil alone, and in combination with biochar.

The applied fertiliser rate was adjusted to supply the following NPK input: 61
kg/ha nitrogen (from NH4NGs), 22 kg/ha phosphorous (from RBOs) and 52 kg/ha
potassium (from K20). BC2PFSA biochar treatment was not combined with NPK or
compost, because it had been posteated (N enrichment and mineral treatment).
Microcosms with only NPK and compost addition (witout biochars) were also set up
The biochar, ompost and fertilizers were than mixed into the soil according to the
experimental plan.

Table6 Microcosms by treatment

. Treamens
Untreated control Control + Control + NPK
compost
0.1% 0.5% 1.0% 0.5%BC1PFS+ 0.5%BCI1-PFS+
BC1PFS BCXPFS BCI1PFS compost NPK
0.1% 0.5% 1.0% 0.5%BC5W + 0.5%BC5W +
BC5W BC5W BC5W compost NPK

0.1% 0.5% 1.0%
BC2PFSA BC2PFSA BC2PFSA
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Three kilograms of soitbiochar mixtures from all the treatments and the
untreated control were prepared by mixing them manually, and placed into pots
(50x70x30 cm) in triplicate (Figure 10). The moisture content of the microcosms was set
to 60% of the maximum of their water holding capacity.

The microcosms were irrigated with tap water to their initial water contentand
homogenized manuallyevery second week; the microcosms were kept at room
temperature (22 °Cx2 °C). Five samplings were carried out the start, two weeks, two
months, 6 months and one year after the start of the experiment. To evaluate the leng
term effects and to compare them with the shorterm findings, only the results of the
2nd, the 61 and the 12" month samplings will be disaissed here.

After the 1-year incubation period, pre-germinated maize Zea may} seeds (3
seeds/pot) were planted into each microcosm (maize cultivar Mv 277, produced by
Marton Genetics). The seeds have been maintained at room temperature during 12h/12h
photoperiod for 1 month. The pots were weighed weeklyand the water loss was
replaced. At the end of the dmonth growing period, the biomass of the plants was
removed and weighed.

Figure 10. Miaocosm after the first sampling

4.3.4Mid-term microcosm experimertNo.3

This experiment aimedto assess and evaluate the effects of higher biochar doses
on the same degraded acidic sandy soil, and compare their effectivenesscompared to
the previous microcosm Na2. Due to its promisingeffects after 6 months in the N@
microcosm experiment, BCBN was selected tdbe used in this experiment to compare
the effects of higher and lower biochar dosesBC14M, miscanthus biochar was also
selected lkecause of its high score, availabilityand fast growing of the plant. In this
experiment, we aimedto apply higher biochar doses, namely 8/ w % (control), 0.5%/ w
%, 1w/ w % and 2%/ w % to improve the acidic sandy soil properties. Initially, the total
weight of eachmicrocosm was 3000 g
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The microcosms wereflower boxes (50x70x30 cm) covered with perforated foil at
room temperature in order to avoid excessive dryingFigure 11). The microcosms were
held at room temperature (22 °C+2 °C) and were wetted to 8@ of the WHC with tap
water every 2 weeksand homogenized manually The microcosms were set up in
triplicates.

Figure 11. Assembled microcosms for Nlomicrocosm experiment

The properties of the BC5W and BC14M biochars are shown in Table 2. The
properties of the acidic sandy soil (originated from Nyirlugos) areshown in Table 4.

4.4 Monitoring methodologies throughout the technology development

4.4.1Characterization and ranking biochars

Throughout the entire technology development, the experiments were monitored
by an integrated approach to get the broadest picture of the processes in the soil and of
the technological and environmental efficiency of the soil improvement technogfy with
biochar. Since each step of technology development had different ggale monitoring
methods were adapted to them. However, at each staglee physico-chemical biological,
and ecotoxicological parameters were examined with the multiparameter appach. The
methodologies used in each stage of technology development are described below. The
detailed description of the performed tests can be found in the Supplementary part of the
dissertation (Section 9.2).

In the first, biochar-screening phase oumain goal was to get a broad picture about
the suitability of the tested biochars for soil improvement therefore, we monitored
biochar parameters matching the quality of degraded soils as discussed previously in
Chapter 4.1.1.2. Accordingly, biochar pH,ater holding capacity (WHC), loss on ignition,
nutrient contents were measured, as well as the BET surface aremnd the total pore
volume was also determined.
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Since the PAHs and PCBs produced during pyrolysis and the heavy metals from the
feedstock may have adverse effects on the environment, the XRF studies and the
ecotoxicological tests were of paramount importance. The viability index was created by
adding up the determined cultivable aerobic heterotrophic bacteria and fungi counts as
Colony Forming Wit/g biochar.

During ecotoxicity testing, two plant tests were carried out, one of which was a
commonly used test plant in ecotoxicology (white mustardSinapis alba and the other
one an agriculturally important test plant with outstanding sensitivity (common wheat,
Triticum aestivum). Folsomia candidaspringtail was also chosen as animal test organism
for detecting the presence of organic contaminants potentially present in biochar. The
basis of the developed MCDSS system was summarized Tiable 7, showing the
parameter ranges and the corresponding scoring. The applied integrated methodology is
shown in Figure 12

wpH
wWater holding capacity
wLoss on ignition
wNutrient content
Physicechemical wtotal organic carbon
methods wtotal nitrogen
wammoniumlactate-soluble BO; and KO
wBET- sepcific surface area
wSum pore volume
wHeavy metal content (XRF)

wViability index (cell concentration of aerobic

Biological methods heterotrophic bacteria and fungi)

wSinapis albaoot and shoot inhibition
Ecotoxicity tests wTriticum aestivunmoot and shoot inhibition
wFolsomia candidéethality

Figure 12 Integrated methodology dring the screening of biochars
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4.4.2Monitoring methodologyluring the microcosm experiments

As at this stagethe focus wasentirely on the effects on the soil as a system and not
on the characterization and rankingof biochars, we examinedthe most characteristic
physico-chemical indicators of the soil (nutrient contents, loss on ignition), as well as
those whose improvement is of particular importance in the case of acidic sandy soils
(WHC, pH) The biological testswere of paramount importance as wel] since biochars
can have aconsiderable impact on the biological activity of soils through direct effects
(nutrient supply and porosity) and indirect (change in physicechemical parameters)
processes.

Since soils treated with biochar can function as a goodhabitat for plants and
animals, a soil preference behavioural test was conducted using a modifiel@nchytraeus
albidus (potworm/white worm) avoidance test . In the case of microcosm N2, after the
1-year incubation, maize Zea may} was planted into the pots and the chlorophyll
content of the ceveloped plants was determined to assess the agronomic performance of
the biochar-treated soils. Figure 13 summarisesthe tests conducted in the microcosm
experiments. Because of overlapsn the applied tests duringeach experiment colour-
coded tick marks indicate the tests performed per experiment(X - microcosm
experiment No.1, X - microcosm No.2, * - microcosm No.3).
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Physicechemical
methods

Biological
NEL S

Ecotoxicity tests

Agronomic

efficiency

WpHX X
wWater holdig capacity X
wNutrient contentX X
wTotal organic carbon
wtotal nitrogen
wammoniumlactate-soluble BO; and KO
wLoss on ignitiorxX

wCell concentration of aerobic heterotrophic bacteria
XX

wCell concentration of aerobic heterotrophic fungi
X

w A2f 23t testi@ estimaing the activity
and functional diversity of soil bacterial community
X

wSinapis albaoot and shoot inhibition< X
wTriticum aestivumoot and shoot inhibitiorK X
wFolsomia candid&thality X X
wEnchytraeusalbidussoil preference

wZeamaysgrowth test (chlorophyll)}X

Figure 13 Integrated methodology of the microcosm experimentsckiimarks indicate which test was performed in
which experiment, red tick mark pot experiment; blue tick marlg No 1. microcosm experiment; yellow tick magkNo

2. microcosm experiment
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4.4.3Monitoring methodology during the field study

Based on the resul and lessons of the microcosm experiments, a more complex
approach was implemented in case of the monitoring of the field experiment, continuing
to place great emphasis on the importance of biological method&i¢ure 14). At the last
sampling point (30" month) substrate-induced soil respiration measurement was
carried out to monitor the biological activity in the soils in addition to the previously used
tests.

$00ET ¢ OEA EEAI A AgPAOEI AT Oh OEA OOOAU T £ 1
on the N- and Gcycle was of paramount importancethus the different N-forms (NHa-N,
NGs-N) and soil organic matter (through organic carbon) wre also determined. During
the ecotoxicity testing, only the white mustard §. alba root and shoot inhibition test was
carried out due to its more prominent sensitivity to biocharmediated changes. As animal
test organism the potworm was used in the previously welperforming avoidance test.

wpH
wWater holding capacity
wCation exchange capacity
Physicechemical wNutrient content
methods wtotal organic carbon
wtotal nitrogen, NN and N@-N concentration
wammoniumlactate-soluble BO; and KO content
wLoss on ignition

wCell concentration of aerobic heterotrophic

bacteria
Biological wCell concentration of aerobic heterotrophic fungi
methods w A2f 23t 902LX GSu GSad FT2N) Sail

and functional diversity of soil bacterial community
wSubstrate induced soil respiration

wSinapis albaoot and shoot inhibition
wEnchytraeusalbidussoil preference test

Ecotoxicity tests

Figure 14. The ntegrated methodolgy used in the fiel experiment
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4.5 Statistical evaluation

4EA OOAOEOOEAAI AOAI OAOEITT 1T &£ OEA AAOAOAC
13.4. software.

Oneway analysis of variance (ANOVA) was performeddentifying significant
effects (p<0.05) in the case dhe screering phase4 OEAUG O ETI 1 AOOI U OECIT E/
test wasapplied to compare the effects of the different biochars.

Repeated measures analysis of variance (ANOVA) was performed in case of
experiments where various samplings were conducted to investigatavhether the
biochar treatments, the soil type or sampling time and their interactionsffectthe given
soil parameter. Biochar treatment and soil types (where applicable) were considered
grouping factors (betweensubject effect) and the withinsubject fador were the
sampling times, which vary within the grouping factors. In cases where only one
OAI PI ETC60 OAOOI 606 xAOA DOAOGAT OAAR A EAAOI
performed. Inthe case of the microcosm experimentd-isher least significant diffeence
testandthe AAOA 1T £ OEA AMéndstlyssigriicakt Aifferedc@dstAniastic@rried
out to compare the effects of the different biochar doses. The familyise error rate was
0.05.

For the Enchytraeus albidusavoidance test oneway ANOVA vas applied to
compare the number of animals at the two sides of Petdishes (in case of different
pairs). The avoidance is a binomial random variablehus first, arcus sinus square root
transformation was applied to normalize the dataset. ANOVA was usefdr the
TT 0 Al EUAA AAOA ET 4)"#/ 30AOEOOEAAA pao818 (
a significant effect on the number of animalson the two sides of Petridishes in the
avoidance tests.

The assumptions of the ANOVA analyses were checked autepted. The seleed
significance level was 0.05.
A short summary of statistical evaluation van be found in the Supplementary Material
(Section9.4).

In the Results and discussiasection, cata on the diagrams represent averages of
three replicates, and error bars are standard deviation.During the evaluation of the
biochar characterization, letters on the columns indicate significant differences among
the biochars. In the cases of the microcosms experiments and the field study asterisks (*)
were used to mark the significant differences from the untreated control and the
fertilized control, respectively (level of significance: p<0.05)
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5. Resultsand discussion

One of the main issues nowadays in studying biochar assoil amendment is to
upscale experments and move from shortterm, laboratory conditions to long-term field
trials. To address the current lack of systematic stepwise testing with a complex
monitoring approach, this PHD research presents a scakeip technology development.

In the following sections, first, the related hypotheses for each step of the
technology developmentare presented. After that, theresults aredisplayedin the order
of the technology development stages, starting with the screeniagnking phase,
followed by the microcogn experiments and, finally the field study.

5.1 Expected results and related hypotheses of the stages of the technology
development

Characterization and ranking phase
Our hypothesis was that the applied scoring system would suppothe selection of

the most suitable biochar products as sofimproving additive both for the acidic sandy
and calcareous soils. The system could be adapted to various soil types in finding a
suitable biochar product for soil amelioration.

Microcosm experiments

As the laboratory eyeriments were different in terms of treatment, size and
duration, the expected results and the hypothesis also varied from one microcosm
experiment to another.

Shortterm microcosm experimeng No. 1
The main goal of the 2veeks microcosm experiment wado assess the effects of

the biochar with the highest score from the priority list in both acidic and calcareous
sandy soil and to screen an effective concentration range influencing the selected
properties of these soils before further application. It wa hypothesised, that:

1. Based on its initial properties, the applied BGPFS biochar would be suitable for
soil improvement without any adverse effects, especially in case of the acidic sandy
soil even at 0.5% concentration.

2. The efficiency of the applied bichar in the two soil types would be different since
the initial physico-chemical properties of the soils were also different.

Mid-term microcosm experimerg No. 2
The main goal of this microcosm study was to assess and compare the ldagn

effects of he three different biochars (BC1PFS, BCPFSA, BCAV) alone and in
combination with compost and fertilizer, furthermore to choose one biochar at an
applicable concentration rangefor the field study.
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We hypothesised that:

1. BC1PFS having the highest scerin the first phase will show promising long term
effects on the acidic sandy soil physiecohemical and biological properties,
without posing any threat to the soitliving organisms especially in combination
with NPK/compost.

2. BC2PFSA would substitute tle use of excess NPK due to its pegseatment (N,
compost and stone powder).

3. BC5W, as one of the high score biochars in the first phase exhibiting favourable
properties, would be competitive with BCXPFS on the longerm.

Mid-term microcosm experimeng No. 3
Based on the midterm results of the No. 1 microcosm experiment, where the

BC5W biochar performed well, another microcosm experiment was initiated aiming to
use higher biochar concentrations to compare the concentratiedependent responses
in eachmeasured parameter. Due to its advantageous characteristiddC14M biochar
was assumed to be a good candidate for soil improvement. We hypothesised that:

1. The higher biochar doses would result in more pronounced improvement of the
soil physicochemical paameters than the lower, previously trialled/tested
doses.

2. Biochar-treated soils would provide asuitable habitat for the soil-living organisms.
However, it was assumed that the concentratiomlependent toxicity of the
biochars could interfere with the expected results.

3. The biological activity might be influenced by biochar doses

Field study
We hypothesised that:

1. the effects of grain husk and paper sludge biochar combined with NPK fertiliser
would show favourable effects on soil physic&chemical and biobgical properties
and exhibit a clear dependence on soil type and biochar dose;

2. the extent of time would influence the effects of the biochar on all studied soil
properties;

3. the long-term consequences of biochar application would be demonstrated on soil
nutrient supply and

4. the biochar-mediated beneficial changes in soil physicehemical properties would
create more liveable soil environment for microorganisms, plants and soil living
animals.
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5.2 Development of a multicriteria scoring system and estabjstiie
priority list

In this part, the principles of the developed decision support system are presented,
starting from the biochar characterization and screening through the scoring to the
ranking of 14 biochars.

5.2.1Results of biochar characterization

To select the best performing biochars from several biochar products before
microcosm experiments and field applications, a preliminary screening methodology
was applied, aiming at the riskbased application of biochars for soil improvement.

The biochars wee tested with a wide range of methods taking into account both
the technological and the environmental efficiency aspects. From the technological
efficiency point of view, the pH, WHC, total organic carbon (TOC), total nitrogen content
(Sum N), C/N ratio,available (ammoniumlactate-acetate soluble) P and K, ash content,
total pore volume and BET surface area of the biochars were measured. From the
environmental efficiency point of view, the Co, Cr, Cu Ni, Zn content of the biochars were
measured by XRF, ahthe Viability Index was calculated from the cultivated bacteria and
fungi cell counts. Ecotoxicity tests were also carried outoot and shoot elongation test
with white mustard ( Sinapis albda and common wheat {riticum aestivum), andmortality
test with the soil-dwelling springtail Folsomia candida

5.1.1.1. Characterization and evaluation of biochars in terms of technological
efficiency

Table27 (in the Supplementary Material, Sectio®.3) summarizesthe results of the
conducted tests, and the most important properties are shown in separate diagrams
below (Figure 15MFigure 16).

All of the examined biochars have alkaline pHR{gure 15.a), except the BGPFSA
biochar, which has the lowest pH (6.78), probably due to the compost and stone powder
post-treatment and N-enrichment. Nonetheless, the pH of the other biochars is above 8,
furthermore, it can be seen, that the biochars produced dtigher temperature feature a
higher pH (biochars from BC5 to BC14) which is in line with the literaturéEl-Naggar et
al., 2019; Laghari et al., 2015)BC8S, BC1eNB and BCéV stow outstandingly high pH
values (10.01, 9.85, 9.76, respectively). According to the ANOVA analysis, only the BC7
and BC13, as well the BC9 and BC12, can be grouped based on similar pH values, the
remaining biochars are statistically different from each otler in light of their pH.
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In terms of improving acidic sandy soil, the higher pH biochars are favoured over
the low-pH biochars.
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Figure 15 (a) pH values and (b) Water Holding Capacity of the examined biochars.

Increased ash ontent contributes to the increased pH of the biochars produced
under high-temperature pyrolysis conditions, due to the higher volatilization of organic
compounds therefore ash content influences biochar pKAl-Wabel et al., 2018) which
in turn affects the mineral nutrition for plants and microorganisms amongvarious other
soil properties. As a tendency, the biochars produced from grain husk and paper fibre
sludge (BC1BC4) exhibit higher ash content than the planbased biochars, probably due
to the high mineral content in the feedstockAs Laghari et al. (2016) stated, the evaotion
of the ash content is more sensitive to the feedstock than to the pyrolysis conditions.
Feedstocks with relatively higher mineral content (e.g., manure) result in a biochar
product with higher ash content than feedstocks with lower mineral content (., crop
residues). For acidic soils, additional alkalinity is welcome due to the treatment with
high-ash biochars, but for high pH soils, additional liming may lead to poor crop
performance (Mclauglin, 2010).

Due to their high water holding capacity, which may originate from their porous
structure and high specific surface area, biochars can improve the water holding capacity
and hydraulic properties of coarsetextured soils (Laghari et al., 2015) In our study, the
WHC of the examined biocharsHigure 15.b) ranges widely, in general, between 100%
and 200% with some outliers.

1 BC1-PFS Grain husk and paper fibre sludgeBC2-PFSA Grain husk and paper fibre sludge, post treated with
nitrogen, compost and stone powderBC3-BCM: Grain husk and paper fibre sludge, post treated with digestate,
minerals; BC4BCMO:Grain husk and paper fibre sludge, post treated with digestate, minerals and organic liquid;
BC5W: WoodscreeningsBC6-V: Vine prunings;BC7-BC:Black cherry wood;BC8-S: Straw from wheat; BC9-MP:
Meadow plants BC10-NB: Natural biomass;BC11-WSD:Wood sawdust, BC12-SP:Spelts mixed with paper (2:1);
BC13-CM: Cow manure;BC14-M: Miscanthus
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According to Chen et al. (2019), with the increasing pyrolysis temperature, the
degree of aromatization and hydrophobicity of biochar is enhanced, the nuwer of
functional groups containing O and N is decreased, and the wateolding capacity of
biochar declines(Chen et al., 2019)In our case, no temperatureelated tendencies were
studied. The biochars prodiced at low temperatures (BC1, BC2, BC3, BC4) feature lower
WHCsThe posttreated versions of the grain husk and paper fibre sludgbased biochar
(BC1-PFS), namely BGPFSA, BGBCM and BCBCMO furthermore the BC1XSP
biochar are not statistically different from each other (based on the ANOVA analysis) and
feature the lowest WHC. However, 3 of the remaining biochars, namely BE8BC13CM,
and BC14M, have incredibly high WHC, 312% 265% and 268%, respgvely. Basso et al.
(2013) confirmed that biochar increased the water holding capacity of sandy loam soils,
and the availability of some nutrients, concluding that biochar amendments had the
potential to enhance the quality of sandy soils(Basso et al., 2013Basso et al.,
2013)(Basso @ al., 2013)Basso et al., 2013).

In relation to the WHC, the evolution of BET surface are#&ifure 16.a) and pore
volumes (Table 27) need to be also evaluated. These parameters play an important role
both in improving degraded§ E1 6 O EUAOAQOI EA AT T AEOEI T O AO xA
| AAT OAET ¢ O #EAT AO Al 8 j¢mpwqh OEA AET AEAO0O
of 1.5¥b00 m2/g, which is similar to our experience figure 16.a), and it increases with
the pyrolysis temperature within a specific range. Once the temperature exceeds the
critical value, the specific surface area decreases with incraag temperature, probably
as a consequence of the destruction of the microporous structur@€hen et al., 2019)
However, in our case, there is nooticeabletrend considering the pyrolysis temperature.
Someof the biochars, namely BCPFS BC6V, BC7-BC BC3MP, BC11:WSD BC14M
have an exceptionally high specific surface area exceeding the 15@/gy which is the
value recommended by the International Biochar Initiative (IBI). Among these, the
biochar producedfrom miscanthus (BC14M) has the greatest specific surface area, 440
m2/g (which differs from the others significantly), and it can be stated that BC6, BC7, BC9,
and BC11 are statistically not different from each other. The other biochars with low BET
values not mentioned so far cannot be statistically separated. Extremely low values were
measured in the case of BGRFSA (4.6 r?/g), BC8S (9.9 n#/g), and BC13CM (8.7 n#/q).

The residual noncombustible component content usually depends on the
feedstockand influences the surface area beside it correlates with the moisture and ash
content. The inorganic material (ash) that partially fills or blocks the micropores may
also contribute to the lower surface area of biocharéTomczyk et al., 2020)

The total pore volume of the biochars also varies greatly, and no distinct tendency
can be observed Table 27). Exceptionally high values can be observed for the BPFS,
BC6V, BC?BC, ad BC3MP and BC14M biochars.

72



Comparing these values with the BET surface area results, it can be seen that all of
these biochars have a high specific surface area as well. Each biochar feedstock contains
a large amount of cellulose, which decomposes 800°C, resulting in a honeycombike
structure with large pores. The biochar product is suitable for improving the nutrient
retention and WHC of coarsdextured soils (Laghari et al., 2016)

In the case of the Total Organic Carbon (TOC) conteidure 16.b), only the grain
husk and paper fibre sludge (BC1-PFS, 63.2%), woodscreenings(BC5W, 74.1) and
miscanthusbased (BC14M, 80%) biochars have outstandingly high TOC content
compared to the others, and their similarity was also proved statistically. As opposed to
this, similarly to the WHC, the postreated versions of the BC1PFS biochar hadow TOC
values: BC2PFSA, BGBCM, BC4O resulted in 20.8, 21.4,22.6% TOC content,
respectively, probably due to their posttreatment, which reduces the amount of carbon
per unit mass of biochar. Except for BC2 and BCthe remaining biochars belong to the
same group, as they are not different statistically. Soil total organic carbon content is a
significant indicator of healthy soil to support various soil functions. Several authors
described a significant increase inthe content of soil organic carbon following
incorporation of biochar pyrolysed at 300 and 500 °C; others reported significant
increases in soil labile organic carbon and humic fractions following biochar application
(Amoakwah et al., 2020; Zhao et al., 2018These findings indicate that biochar can
largely contribute to enhance organic carbon stocks in soil and improve soil quality.

As shown in Figure 16.c, the majority d biochars have relatively low nitrogen
content (Sum N); however,BCLPFS, BCPFSA and BCGHV with 1.49%, 1.37%, and
1.15%, respectively, which are the multiple of the average total N content, are highly
exceeding the restThe composition of biochars vares depending on the feedstock type
and the operating conditions of pyrolysis(K. Y. Chan and Xu, 2009; DeLuca et al., 2012;
Jeffery et al., 2015; Lehmann et al., 2006; Van Zwieten et al., 20F)r this reason, the
total and avalable nutrient content of biochars varies largely. According to Chaand Xu's
(2009) review, the total N contentof biochars ranges from 1.8 g/kg to 56.4 g/kg For
example, the total N contents of iechars from sewage sludge (64 d{g) (Bridle and
Pritchard, 2004) and soybean cake (78.8/kg) (Uzun et al., 2006were much higher than
those from geen wastes (1.7 g/kg (Chan et al., 2007) On the other hand, despite the
high total Ncontent, the mineral N was <2 mgkgfor the green waste and poultry manure
char compared to the total N of 1.7gkg and 20 g/kg, respectively(K. Y. Chan and Xu,
2009) 1 t/ha biochar may approximately supply &20 kg N to he soil (Atkinson et al.,
2010); however, this nitrogen will become available for plants only after mineralization
(Lehmann et al., 2003)
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Figure 16 Differences in thehysicochemicalproperties of the biochars: (a )specific surface area, (b) total organic
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2 BC1-PFS Grain husk and paper fibre sludgeBC2-PFSA Grain husk and paper fibre sludge, post treated with
nitrogen, compost and stone powderBC3-BCM:Grain husk and paper fibre sludge, post treated with digestate,
minerals; BC4BCMO:Grain husk and paper fibre sludge, post treated with digestate, minerals and organic liquid;
BC5W: WoodscreeningsBC6-V: Vine prunings;BC7-BC:Black cherry wood;BC8-S: Straw from wheat; BC9-MP:
Meadow plants BC10-NB: Natural biomass;BC11-WSD:Wood sawdust, BE12-SP:Spelts mixed with paper (2:1);
BC13-CM: Cow manure;BC14-M: Miscanthus
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The calculated C/N ratio of the biocharsKigure 16.d) ranges between 15.2 (BG2
PFSA) and 297.3 (BGS1P). BC1PFSand the BC12SP had similarly low C/N ratio (<50),
which could also be supported by statistics. Besides tlextremely high C/N value (297.3)
of the meadow plants biochar (BCMP), the C/N ratios of the rest of the biochars range
between 64.4 and 187.9. According to the literature, the C/N ratio of biochars is highly
variable between 7 and 400, with a mean of 64The C/N of biochar influences various
other processes, as well as can be an indicator of the bioavailability of organic compounds
(Lehmann, 2009) Several authors stated that microbial consumption of volatile biochar
components with greater C:N ratios resued in N immobilization (Clough et al., 2013;
Ippolito et al., 2012), therefore, the high C/N ratio is unfavourable in case of nutrient
depleted soils. According to Hamer et al. (2004), biochar stability is strongly correlated
to its O N ratio which is influenced by the pyrolysis temperature and by the chemical
structure of the feedstock usedHamer et al., 2004) In a study conducted by Gao et al.
(2019) biochar C/N ratio and biochar source (feedstock) strondd ET £ OAT AAA
availability response to biochar, where inorganic N was most influenced by biochar C/N
ratio and soil pH. Biochar made from manure or other low C/N ratio materials, generated
at low temperatures, or applied at high rates were gemally more effective at enhancing
soil available P(Gao et al., 2019)

Figure 16.e shows that three biochars made from feedstocks of high lignin content
have remarkably low ammonium acetatdactate soluble KO ®ntent: BC%-BC,BC3MP,
and BC11WSD contains 2887 mg/kg, 1622 mgtg and 3084 mg/kg AL:Kz20, respectively
and their similarity is also supported by ANOVA analysis. On the other hand, BE8
biochar has the highest KO content, 35570 mg/kg, while the majority of the biochars
feature K20 contents between 7500 mg/kg and 2100@ng/kg. According to Chan and Xu's
(2009) review, the total K level of biochars ranges between 1.6/kg to 58 g/kg- and in
contrast to N, the available K in biochars is typically high. Also, an increased K uptake has
been frequently reported as a result obiochar application (Chan et al., 2007; Lehmann
et al., 2003) As reported by several authorgJones et &, 2012;Liu et al., 2012; Novak et

OEA

al., 2009)AEi AEAO AO pmMgu OFTEA OAOA i Au OAOOI O E

soils of temperate climate.There areconsiderable differences in the phosphorus content
of the studied biochars Figure 16.f). All of the grain husk and paper fibre sludgeéased
biochars (BC1BC2,BC3, BC4) feature higher #s content than the others. Similarly to
the previously discussed KO content, the lowest values were measured in the wood
sawdust(BC11-WSD 373 mg/kg), followed by the black cherry (BCBC, 403 mg/kg) and
meadow plants (BCIMP, 703 mg/kg) biochars.

According to the literature, in the case of total P, higher contents were found in
biochars produced from feedstocks of animal origir{sewage sludge and broiler litter)
than those from plants (e.g., wood) and significantly higher levels of available P were
found in biochars produced from poultry litter than those from plant biomasgK. Y. Chan
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and Xu, 2009) The phosphorous content of biochar may range between z25 mg/ kg
(Atkinson et al., 2010).

5.1.1.2. Evaluation of biochars in terms of environmental efficiency

When applying biochar to soll, it is important to take into account not only its
technological efficiency but also its environmental effectiveness. As one of the
environmental efficiency factors, the concentrations of some potentially toxic elements
(Co, Cr, Cu Ni, Zn) were considered. The cultivated bacteria and fungi cell counts as a
viability index have been estimated and taken into account. Furthermore, root anceot
elongation test with white mustard (Sinapis alba and common wheat {riticum
aestivum) and a mortality test with the springtail Folsomia candidavas conducted to
provide ecotoxicity indicators. Table28 shows the results dthe environmental efficiency
parameters.

Based on XRF measurements performed on the biochar products and according to
literature data, we found that the limit value was mostly exceeded in the case of the
following toxic metals: Co, Cu, Cr, Ni, ZATable 28). Thus, we considered only these
metals in our system, despite the over 30 elements determined by the XRF method. The
limit values set by thelBl recommendation for the above metals were exceeded in the
following biochars: Co in EE3-BCM, Cu, in BC18M, Niin BCBCM, Zn in BGBCM, BC4
BCMO and BC1EM. As opposed to these metals, the limit value for Cr was not exceeded
in any of the studied biochars.

The effect of biochar on soil microbial communities is very diverse, dependiran
both the types of biochar and soil. The viability index may be a good indicator and
predictor for biochar-microorganism interactions, for example, colonizationAlthough
the biochars mostly have low bacteria and fungi counts, in a few cases, incredibigh
viability indexes were calculated Figure 17.a).BC3BCM and BCBCMO grain husk and
paper fibre sludgebased biochars, both postreated with digestate and minerals, had
outstandingly high cell counts (19 914 and 12 132 respaively), probably due to the
organic compoundrich digestate posttreatment. BC6V and BCSS biochars, statistically
similar to each other, had the lowest viability indexes (<10). Furthermore, the rest of
biochars with low cell count (BC1, BC5, BC6, BABC9, BC10, BC11, BC12, BC13, and
BC14) could not be distinguished from each other.

The root/shoot ratio (R/S) of the mustard seedlings is an important indicator of the
ecotoxicity of the biochars Figure 17.b). The natural biomas-based BC16NB and the
miscanthus BC14M biochars inhibited the germination of the mustard seeds; therefore,
the R/S ratios were not calculated.
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A seedling is considered healthy if this ratio is around 1 (0.&3.15), therefore, healthy
mustard seedlings were developed on the following biochars: BCPFS, BCPFSA, BG9
MP, BC12SP, however, the following samples did not differ statistically significantly from
the previous ones either: BC8CMO, BCAV, BC11WSD, BC13EM. The R/S ratio was
extremely high (>2) in several cases (BGBCM, BC8/, BC7BC, BC&) because the roots
of the seedlings were at least twice as long as the shoots. This result could be explained
with the escaping behaviour of the plant roots from the inappropriate environment
established ly these biochars. Conversely, when the R/S ratio was <1 (in case of BC4
BCMO and BCGAV, 0.6, and 0.71 respectively) because the seedling shoots were longer
than the roots, the underdeveloped roots could be the result of a toxic or inappropriate
environment as in the previous case.
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Figure 17 Evolutions of the environmental efficiency parameters: (a) Viability index, (b) Sinapis alba root/shoot ratio,
and (c) Folsomia candida mortality raté.

3 BC1-PFS Grain husk and paper fibre sludgeBC2-PFSA Grain husk and paper fibre lsidge, post treated with
nitrogen, compost and stone powderBC3-BCM: Grain husk and paper fibre sludge, post treated with digestate,
minerals; BC4BCMO:Grain husk and paper fibre sludge, post treated with digestate, minerals and organic liquBIiC5-
W: Woodscreenings;BC6-V: Vine prunings, BC7-BC:Black cherry wood;BC8-S: Straw from wheat; BC9-MP: Meadow
plants; BC10-NB: Natural biomass BC11-WSD: Wood sawdust, E212-SP: Spelts mixed with paper (2:1);BC13-CM:
Cow manure;BC14-M: Miscanthus
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Due to the feedstock and the pyragisis process, some biochars might pose a risk to

01T EI AET OAn OEAOAE OAh OEA ET OACOEO®BFSALE OT EI 6
the N-enriched, stone powder, and compost posieated grain husk and paper fibre

sludge biochar provided an excéént habitat to the Folsomia candidaanimals, resulting

0% lethality in the mortality test (Figure 17.c). However, the majority of the biochars

induced various degrees of lethality. Among them, BEAFS, BCBC, and BC1EM

resulted in only a slight, less than 21% lethality. The lethality rate was highen the case

of the rest of the tested biochars, reaching the highest ki, 67.5% for BC12SP biochar.

5.2.2Multicriteria scoring system and the scoring criteria

A scoringranking system was developed for the assessment and ranking of certain
biochar products in terms of their suitability for risk-based soil amendment. As a first
step, the classification system of the Multi Criteria Decision Support System (MCDSS) was
set up covering a pint range from-5 to +5.

Since soil is subject to a series of degradation processes and threats, in selecting the
scoring criteria, we focused on soil parameters requiring improvement for potentially
being affected by a relevant soil degradation procesdn developing the Multi Criteria
Decision Support Systemwe focused on solving or at least mitigating soil degradation
problems (acidification, wind and water erosion,a decline in organic matter and
biodiversity) associated with sandy soils applying ochar asa soil amendment in
agricultural land use. Consequently, the parameters included into the evaluation system
aimed at characterising the following problems relevant to degradation of sandy soils:
inadequate water regime, nutrient deficiency, low oganic matter content, pH drop
(acidification), low biodiversity.

Sandy soils are often considered to have easy to define physical properties: weak
structure or no structure, poor water retention properties, high permeability, high
sensitivity to compaction with many adverse consequences. The most studied key
physical properties of sandy soils froman agronomic point of view include gran size
distribution (texture), water content, water-holding capacity/drainage (Atkinson et al.,
2010; Githinji, 2014; Molnar et al., 2016; Uzoma et al., 201These parameters influence
the movement and retention of water, air and solutes in the soil, which subsequently
affect plant growth and organism activity(Delgado and Gomez, 2016)

The key soil chemical properties to be improved include pHleffery et al., 2011,
Molnar et al., 2016; Xu et al., 2013; Zhao et al., 2015pation exchange capacity (CEC),
organic matter content(OzoresHampton et al., 2011) available nutrient content (NPK)
(Basso et al., 2013; Steiner et al., 2008Ylost soil chemical properties are associated with
the colloid fraction and affect nutrient availability, biota growing conditions, and,n some
cases, soil physical propertiegDelgado and Gémez, 2016)
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The key soil biological parameters equiring improvement in a sandy soil include
microbial activity and biomass(Ameloot et al., 2013; Gul et al., 2015; Van Zwieten et al.,
2010). Biological properties inthe soil contribute to soil aggregation, structureand
porosity, as well as soil organic matter (SOM) decomposition and mineralization
(Delgado and Gémez,@16). Soil biological properties are interconnected with other soil
physical and chemical properties; e.g. aeration, soil organic matter or pH, affect the
activity of many microorganisms in soils which in turn perform relevant activities in
carbon and nutients cycling (Delgado and Gémez, 2016)

Assigning scores to the limit values of certain criteria wabased on the scientific
literature, recommendations and guidelines of the EBC (European Biochar Certificate),
the IBI (International Biochar Initiative) and the 36/2006. (V.18.) FVM Directive We
aimed to create a scoring system adequately fitting both toehe characteristics of the
degraded soil and the soil improvement goals taking into account the technological and
environmental efficiency. The environmental efficiency parameters provide information
on the toxicity, the potential environmental risk of biacchar products. Based on XRF
measurements performed on several biochar products and literature data we found that
the limit value was mostly exceeded in case of the following toxic metals: Co, Cu, Cr, Ni,
Zn, thus, these metals were considered in our systeracotoxicity tests applying plant and
animal test organismsalso hadan important role besides the toxic element content.

5.2.3Presentation of the biochar scoringnking system

Quality assessment of various biochar types requires in addition to thghysico-
chemical criteria, consideration also of the ecological aspectsX. Domene et al., 2015;
Jeffery et al., 2015; Molnar et al., 2016; Oleszczuk et al., 2013; Tammeorg et al., 2016)
hasbeen recognisedJeffery et al., 2015; Molnar et al., 2016jhat in order to understand
the ecologtal andphysico-chemical effects of biochars when applied to soils, biochars
OET O1 A AA ET OAOOE CA O ArE redommeAdedybd Heyed et AL20VE A O
there is a need for systematic research to use suitable biochar quality grades for diffate
soil application purposes. Glaser et al. (2017) pointed out the need to standardize
analytical biochar characterization, to match biochar types with its intended use and to
harmonize the related legislation accordinglyGlaser et al., 2017; Tammeorg et al., 2016)

The production and application of biochar are still not regulated adequately at
national and international levels. Voluntary bhochar quality standards have been formed
in Europe, such as the European Biochar Certificate (EBC, 2012), the Biochar Quality
Mandate (BQM, 2014) in the UK, and the IBI Standard (IBI, 2015) in the USA whik
intended to be used internationally.
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A recent expert assessmet performed by Tammeorg et al.(2017) on the key
priorities in biochar research has confirmed the previous findings that biochar should be
characterized prior to its addition to the soil using established methodologies (EBC,

2012; BQM, 2014 IBI, 2015) and biochar characterization should be complemented by
effect-based approaches in soils that are reflective of possible risks.

Studies applying a scoring procedure supported by a guidance matrix as a basis for
the assessment of the éécts of various biochar types on soil have not been identified in
the scientific literature. During the development of the Multi Criteria Decision Support
System (MCDSS), we developed a classification system in the interval frebrpoints to
+5 points inthe first step. Table 7 summarizes the characterization criteria for
technological and environmental efficiency and shows the parameter ranges and the
corresponding scoring.From the technological efficiency point of viewz as wedescribed
earlier - the pH, WHC, TOC, total nitrogen content, C/N ratio, available P and K, ash
content, total pore volume and BET surface area of the biochars were considered. As the
aim of the research was to develop soil improvement technology for bothcidic and
neutral soil, two relevant parameters (pH and ash content) were handled separately for
both soils during the scoring.

When aiming for acidic sandy soil improvement, the biochars featuring higher pH
OAARAEOAA A EECEAO OAassighA AQTA OERAA o@AHIMXA B m dd AN A
08ph TACAOEOA OAI OAOG xAOA AOGOECT AA8 )1 OEA AA
OAT OA xAO AOOECTI AA O OEA DP( ¢8pMy OAlI OAO ET O,
set for neutral soils because pH improvment is not needed in this casBecause the high
WHC of the biochar is a positive attribute, O score was assigned to the biochar with WHC
OAT CET ¢ AAOxAAT uvpMyxymbh [T AATEIT C OEAO OEA AEITA
dry weight. Even though lowWHC biochars were not favoured, we refrained from
allocating the extreme-5 points score, which is valid both for the nutrient and ash
content score allocation.

In the case of the total organic carbon (TOC) content, a balanced score scale has
beensetwit UAOT DI ETI 00 A& O OEA vpMenb 4/ # OAT CAS
received 5 points.

For the total N content, only-1, 0, and +1 scores were assigned to reduce the weight
of the parameter. 0 was assigned to 0:8.99% N content, and all the biocharfiaving
higher than 1% total N content received 1 point.Lehmann et al. (2015) reported that
OEA AET AEAOOS #F¥. OAOET OAOEAO (Lénkhénm &All, x AT A
2015); therefore 0 score was given for the 50100 C/N interval. The scale was, however,
balanced sin@ the score scale for the C/N ratio did not include the +5, &6 score because
there are no ultimate C/N values to characterize the goodness of certain biochar. Since
the bioavailability of different organic compounds decreases when the C/N ratio is high,
biochars with higher than 100 C/N ratios will be allocated a negative score.
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Similar intervals were applied in the case of AIP and ALK favouring high nutrient
contents; the biochars with low P and K content (500 and 1000 mg/kg, respectively) got
negatve scores, as the nutrient supply from biochars is critical during degraded soil
improvement.

The ash content was considered separately for the acidic and the neutral soils. Ash
behaves as a liming agent in acidic soils and can control the pH; therefqréhe scale for
the ash content had a considerable weight favouring the high ash content. In neutral soils,
there is no need to raise the soil pH; moreover, the presence of higher ash is
disadvantageous. For this reason, the biochars with higher ash contereceived a
negative score.

Since pore volume of biochars has eonsiderable role in improving the hydraulic
properties of soils, an arbitrary scale based on experience and available data has been set
favouring large pore volumes and assigning 0 point fadhe 0.07z0.10 pore volume range.
The scoring scale of the specific surface area (BET) parameter was prepared according
to the EBC guideline, stating that biochars should ideally have a surface area of over 150
m2/g; therefore, the biochars, whichreachedthis value, were given a score of 5. The value
of 51780 m?/g was assigned 0 score, and below this, negative scores have been assigned.

As one of the environmental efficiency factors, the concentrations of Co, Cr, Cu Ni,
Zn were determined When the toxic element content did not exceed the lower limit value
of the interval set by the International Biochar Initiative (IBI), the highest score (5) was
assigned to the certain biochar product. The following limit values were considered: Co:
34 mg/kg, 143 mg/kg, Cr: 93 mg/kg, Ni: 47 mg/kg, Zn: 416 mg/kg. With a uniform scale,

0 point was assigned for 1.60old limit value exceedance. Above this exceedance limit,
negative scores were assigned. The viability index showing the sum of the number (in
Colony Forming Unt z CFU/g biochar) of cultivated bacteria and fungi represents a
combination of many different factors (nutrient supply, porosity, toxic element content,
AOA8Qqs 4EA OEAAEI EOU EIT AA@80QRaA0I rdnge AVOE CT A A
represents the highamount of microorganisms settled on the biochar surface.

Most of the biochars tested inhibited plant growth, so the highest value of the scale
(5 scores) was assigned for stimulation. The scale is even, thus the lowest scot®)(was
given to biochars @using over 80% inhibition. Similarly, regarding the Collembola
mortality, almost all tested biochars caused some degree of inhibition; therefore, the
highest score was given to the products causing lessahp b | T OOA | EROIUBA OxtA O
assigned for the Dz30% mortality range. Once the mortality became <30%, negative
scores were assigned down te5 points at >80% lethality rate. The reason why we
assigned positive scores for >40% inhibition in the plant test and >30% lethality in the
animal test was that we assumed that both effects would be mitigated when mixing
biochar into the soil.
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Table7 Intervals of the created scoring system to determine scores for the various parameters assessed

Characteristics of biochars - Technological efficiency racteristics of biochars - Environmental efficiency
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d based on IBI Recommendations e Inhibition percentage
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5.2.4Summary of biochar characterization and ranking

The main goal of the biochaiscreening phase was to get a broad picture of the potgal
suitability of the tested biochars for soil improvement; therefore, we measured the biochar
parameters, whichwere suitable to the quality of degraded soils.

Based on the results, scores were assigned to the corresponding biochars according to the
Multi Criteria Decision Support System (MCDSS). The last two columnsTlaible 8 show the total
scores calculated from two different aspects: a) aiming acidic soil improvement b) aiming neutral
soil improvement.

BCLPFS biochar, produced from grain husks and paper fibre sludge, was ranked on the
first place with the highest summarized score as suitable for acidic soil, followed by its nitrogen
enriched and stone powder and compost posireated version (BC2PFSA; 48 sures). The
ranking order of these two biochars waghe samewhen scoring for neutral soil improvement:
(BCL-PFS- 43 scores BQ-PFA - 40 scorey).

Woodscreening biochar (BCBN, 36 total scores) was ranked as the third for acidic soil
improvement, followed by the black cherry wood biochar (BGBC, 33 totalscores) and the
miscanthus (BC14M, with 31 scores). These biochars had the highest scores also when ranked
for neutral soil improvement.

In summary, a system of criteria has been developed to suppottie decision on the
selection of a biochar product for both acidic and neutral soils. This system is unique in the
literature and takes into account environmental aspects in addition to technology efficiency.

Based on the results of the ranking of the bahars, the bestperforming BC1-PFS was
chosen for both a shoriterm microcosm experiment (No. 1, Sectioh.3.1) to test the efficacy of
the hypothesised positive effects on acidic and neutral sandy spdnd a midterm microcosm
experiment, where the main focus was on the improvement of the acidic soil featuring more
degraded properties. In the latter mentioned microcosm experiment (No. 2, Sectidn3.2) the
biochars ranked in the second (BGPFSA)and the third (BC5W) place were also involved. In
the last mid-term microcosm experiment (No. 3, Sectiorb.3.3) not only BC5W were used in
higher doses, but also the biochar ranked on thdifth place (BC14M) to compare their
applicability. BC14M was chosen for the microcosm experiment instead of the higheanking
BCT7BC (black cherry wood)becauseits promising basic propertiesand availability.
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Table8 Summary of the assigned scores in the ys@eaing phase of the technology development
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5.3. Results of the microcosm experiments

Based on the results of the multicriteria scoring system in the second phase of the
technology development- microcosm experiments were carried out to test the different
selectedbiochar products as soil ameliorant aiming to study their effect on two different
soils. In the next chapter, the results of the three microcosm experiments are presented

5.3.1. Shortterm effects of grain husk and paper fibre sludge biochar on acidic and
calcareous sandoils in a microcosm experimenti¢kbcosm experiment No.
1)

The aim of this shortterm (2 weeks) microcosm experiment was to compare the
applicability and the effects of the besperforming grain husk and paper fibre sludge biochar
in the first phase onacidic, and calcareous sandy soiat 0.5%/ w%, 1%/ w% and 1.5/ w%
applied concentration.

5.3.1.1. Impact of biochar on thphysicechemical properties of theoils

As shown in Fig l.a, after two weeks of incubation, the pH of the acidic sandy soil
increased signficantly upon biochar addition. The highest value (5.9) was measured in the
case of the 1.5/ w% biochar treatment, which is al pH unit increase compared to the
control. In the calcareous soil, no significant difference was detected among the poEsgure
18.a). As reported in previous studiegXu et al., 2013; Zhao et al., 2015biochars may have
a raising effect on the pH of the soil (especially in acidic soils) due to thejeneral alkaline
pH. As hypothesised from the high pH of the applied grain husk and paper fibre sludge
biochar (8.8), the pH of the acidic sandy soil (4.9) increased proportionally with incremental
biochar concentrations, but not in the calcareous soil ith a higher initial pH (7.9). The
applied biochar had an initial 60% ash contentoo, which explained the proportional pH
increase in the studied acidic sandy soil, as the ash reportedly works as a liming agent in soils
with a low pH (Demeyer et al., 2001)

Initially, the acidic soil had a lower humus content Figure 18.b) than the calcareous
soil (0.6% and 0.9% respectively); furthermore, the highest biochar dose caused a
statistically significant increase in the acidic soil compared to the control (28%). On the
other hand, all of the applied biochar concentrations showed significant enhancing effects in
the calcareous soil (approx. 1#1L8%) compared to control.Biochars act in the soil as a stable
organic material, usually resistant to decomposition. Thus, in most soils, biochar is capable
of increasing organic matter (OM) content as well as loss on ignition (Lol) valu@SeLuca et
al., 2012; Sohi et al., 2010)
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According to the resuts of factorial ANOVA, both the soil type and the BC treatment
had a significant effect on the humus content. However, the influence of the soil type on the
effect of treatments would not be visiblefrom the raw data without the statistical analysis

(Table9).
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Figure 18 Changes in the physiechemical properties during the microcosm experiment No. 1: (a) pH, (b) Humus content, (c)
Ammoniumtlactate soluble KO content, (d) Ammoniurfactate soluble BOs content, (e) Water Holding Capacity.
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The changes in plantavailable KO and ROs (Figure 18.c andFigure 18.d) indicate a
similar trend, and each appliel biochar concentration caused a significant increase in the
examined parameters of each soil, proportionally to the applied BC concentration. The
calcareous soil has an initially 1.3 times higher 40 content and 2.24 times higher £
content than the acdic sandy soil. The highest ¥O concentration was measured in the 1.5
w/w% biochar-amended acidic sandy soil pot (151.3 mg/kg), with an approx. 4-fold
increase compared to the control. According to the literature, this difference in the2R-
supply between the acidic sandy and calcareous sandy soils can be attributed to numerous
factors including soil type, texture, pH, OM, CEC and concentration of calci(@unarathne
et al.,, 2017; Han et al., 2019; Wang et al., 201&ccording to Guarathne et al. (2017), the
increase in soil pH may result in the release of the less available potassium that was attached
to the soil particles in the soil solution. Furthermore, biochar can increase the CEC; thereby,
they can enhance the ability of soilo hold potassium(Gunarathne et al., 2017)

1.5%/w% BC caused a significant 71% and 46% increase in the@® content of the
acidic and calcareous sandy soil, respectly, compared to the controlBiochar can affect the
AL-P20s in the soil through a number of pathways and mechanisms, such as a modifier of soil
pH, ameliorating the Rcomplexing metals, providing a direct source of soluble and
exchangeable phosphorous andlso as microbial activity and Pmineralization agent. As the
availability of P is highly pHdependent, this differencecan be attributed to the different pH
of the soils In line with this, Glaser and Lehr (2019) reported that addition of biochar to
acidEA j BD(1rFn1e8uvq Al A z7B)AsHdNicahtly incddaded @antavalgble ¢ 8 v
DEI OPEI O1l 60h xEEI A OEAOA xAO 11 OHGas&r@AAT O /
Lehr, 2019).

The factorial ANOVA analysis of the pH, AR2Os and AL-Kz20 results show similarities;
both the soil and the treatment had a significant effect on the parameters, and the effects of
treatments vary with the soil type (Table9).

The results revealed that the widied biochar might be a source of organic matter,
phosphorous, and potassium both for the lowquality acidic sandy and the calcareous soils.
Due to the carbon input from biochars, the soil organic matter content of the soil may
increase. The increased 1O and BGOs content of the treated soil might be attributed to the
direct release from the biochar, and their availability has also increased as a result of the pH
change(Xu et al., 2013)

The Water Holding Capacity igure 18.e) increased more in the acidic sandy soil, at 1
w/w% and 1.5%/w% BC concentrations (approx. 10% increase compared to the control)
however no significant increases were observedThe factorial ANOVA showed that only the
soil type had a significant influence on the WHCT @ble 9), but not the BC treatment
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5.3.1.2. Impact of biochar on thbiological activity fothe soils

The parameters calculated from the results of the BiolGgEcoPlatéA test (Figure 19.a
andFigure 19.b), the AWCD and Substrate Number show an elevated biologiaativity upon
biochar treatment in both soils. However, the AWCD increasing effect is more defined in the
calcareous soil, where significant increases are observed in the cases of 1 andv1.86 BC
treatment (22% and 25% respectively), in contrast to theacidic soil, where none of the
detected increments was statistically significant. In case of the Substrate NumbeiF{gure
19b), the 1.5%/w% BC addition caused the highest and single significant increase in the
addic sandy soil (28%), nevertheless, in case of the calcareous soil, the 4% BC addition
resulted in the highest value with a similar, 26% significant increase compared to the control.
Based on the factorial ANOVAT@ble 9) both the soil type and thebiochar treatment had a
significant effect on both the AWCD and Substrate number, however, only in case of the
substrate number was this effectifferent in the different soil types.
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Figure 19 Changes in the biological activity indexes during the microcosm experiment No. 1: (a) Average Well Colour
Development (AWCDynd (b) Substrate Number from the Biol6gEcoPlatd test, (c) Aerobic heterotrophic bacteria
number.
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Examining the number of aerobic heterotrophic bacteria Figure 19.c), it can be
concluded that none of the biochar doses caused significant changes in either soil; however,
the 1.5%/ w% biochar addition increased the cell numbers by 52%nithe acidic soil and 46%
in the calcareous soil. Underlying these findings, the factorial ANOVA showed no significant
change due to biochar treatment, but the bacterial CFU was significantly different in the
calcareous and the acidic sandy soilsTable 9), meaningthat the two utilized soils feature
significantly different cell counts.

Working as a nutrient and carbon source through its labile carbon content and due to
the positive changes in the physica&hemicalproperties of the solil itself biochar amendment
in soils can enhance their biological activity and microbial abundanggul et al., 2015) This
enhancing effect is observable in botthe aerobic heterotrophic cell numbers and the results
of the Biolog® %Al 01 AOAA | AOET A ET AAOGA 1T &£ Ai OE OI EI O
rates.

5.3.1.3. Impact of biochar on thecotoxicity of thesoils

The potential toxic effects of biochar have to bdested from the perspective of
environmental safety(Oleszczuk et al., 2014, 2013)

To assess these effects, elongation tests were carriedt with white mustard (Figure
20.a) and common wheat Figure 20.b). In the case of the white mustard, no inhibition was
detected,; in fact, in some cases, we have experiedcgimulation. In the acidic sandy soll, the
1w/ w% and 1.5¥/ w% BC (61% and 29% respectively), while in the calcareous sandy soil, the
1% BC dose caused a significant increase compared to the control (23%). In the case of the
common wheat, the 0.9"/w % BC addition did not affect, the 1%/ w% BC caused 15%
stimulation, and the 1.5% BC caused 13% inhibition when mixing into acidic soil. From the
results of factorial ANOVA, it can be seen that the soil type and the biochar treatments affect
the mustard and wheat root elongation significantly, but only in case of the white mustard
were the effects of the biochar treatment different in the two soil typesin the case of the
common wheat, the effect of biochar was the same in the acidic and the calcareous samily s
(Table9).
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Figure 20. Changes in the (a) white mustadSinapis alba and (b) common wheatTriticum aestivum root elongation in the
microcosm experiment No. 1.

To study the potental adverse effects on other trophic levels of the ecosystem and to
assess influences on the soil as a habitat, tRelsomia candidanortality test was also carried
out complementing the plant tests. As a result, no lethality exceeding 15% was detected,
proving that the biochar has no toxic effect on these sdiving animals.

Table9 Factorial ANOVA results to evaluate the effects of soil type and biochar treatment on the examined parameters in the
microcosm experiment No. 1 (p<0.p5

d.f. Mean F ratio p-value d.f. Mean F ratio p-value
Square Square

pH AWCD
Soil 1 36.08 8765.5 0.000 Soil 1 0.07 27.47 0.001
Treatment 3 0.31 75.1 0.000 Treatment 3 0.01 5.92 0.016
Soil x Treatment 3 0.24 59.0 0.000 Soil xTreatment 3 0.00 1.83 0.212
H% Substrate number
Soil 1 0.94 321.69 0.000 Sail 1 87.12 48.46  0.000
Treatment 3 0.03 9.07 0.001 Treatment 3 7.34 4.08 0.028
Soil x Treatment 3 0.00 0.45 0.720 Soil x Treatment 3 7.08 3.94 0.031
AL-K20 Mustard root
Soil 1 1802.9 320.06 0.000 Soil 1 151.69 37.8 0.000
Treatment 3 6437.5 1142.82 0.000 Treatment 3 86.12 21.46 0.000
Soil x Treatment 3 683.0 121.24 0.000 Soil x Treatment 3 32.44 8.08 0.003
AL-P20s Wheat root
Soil 1 33394.2 2569.22  0.000 Soil 1 81.36 40.82 0.000
Treatment 3 2801.8 215.56 0.000 Treatment 3 26.52 13.30 0.000
Soil x Treatment 3 217.9 16.77 0.000 Soil x Treatment 3 6.76 3.39 0.051
WHC Bacteria CFU
Soil 1 700.57 224.32 0.000 Soil 1 2.76E+13 27.67 0.001
Treatment 3 5.01 1.60 0.245 Treatment 3 2.88E+12 2.89 0.102
Soil x Treatment 3 2.68 0.86 0.492 Soil xTreatment 3 9.08E+11 0.91 0.478
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5.3.1.4. Comparative evaluation of the treatments

As a shortterm result, it can be stated that the applied biochar doses proved to be
effective for improving both soils' physicochemical properties and their microbiological
activity. Besides, the applied BC treatments showed a more prominent effect on the acidic
sandy soil properties, probably due to its poor initial characteristics, particularly acidipH.
From an ecotoxicological perspective, the chosen treatments did not cause any toxic effect
on the white mustard's root elongation. However, a slight inhibition was detected on the
common wheat's root elongation, which did not exceed 15%. Similarly, the plant growth
tests, in the case of thd-. candidaspringtail mortality test, no significant inhibition was
detected.

5.3.2.Mid-term effects of grain husks and paper fibre sludge,-fpeated grain
husks and paper fibre sludge and woodscreenings biochasidic sandy soil
(Microcosm experiment No) 2

In this study, we compared the soil ameliorating effects of three different biochars on
acidic sandy soil in a midterm 12-month long laboratory microcosm experiment. The
applied biochars originated from dfferent feedstocks (grain husk and paper fibre sludge
(BC1-PFS), the postreated version of grain husk and paper fibre sludge (BCRFSA) and
woodscreening (BC5W) and were applied in three different concentrations (0.%/w%,
0.5w/ w%, and 1%/ w%) and in canbinations with other soil additives (compost, NPK).

The alkaline pH, as well as the relatively high WHC and BET surface area of BES
and BC5W biochars, made these products potentially useful ameliorants for degraded acidic
sandy soil. The nutrient ontent (NPK) of all three biochars indicates the possibility to utilise
them as soil additive when NPKlepletion is a concern.

It has been hypothesised, that due to the higher combined nutrientand easily
accessible carbon source supply, increased pordgiand aggregate stability and potential
improved habitat for the soil-living microbes, the combined application of compost and
biochar may exceed the efficacy of the two components when used separately. However, in
the scientific literature, both synergidic (Fischer and Glaser, 2012; J. Liu et al., 2012)d
altruistic (Seehausen et al., 201 8ffects between biochar and compost have been presented.

5.3.2.1. Impact of treatments on thphysicechemical properties dhe soil

As hypothesised, the soil pH level increased proportionally with incremental biochar
concentrations, and this tendency was observable throughout the microcosm experiment
reaching the greatest pH levels by the end of the studifigure 21).
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Biochars generally feature alkaline pHTable 2) and the alkaline pH may have a raising
impact on the soil pH, as reported in previous studieflefferyet al., 2011; Sohi et al., 2010;
Zhao et al., 2015especially in acidic soilsThe highest pH levels were measured after one
year in the microcosms treated with v/ w% BC5W and 1%/ w% BCZXPFS biochar and also
combined with compost (0.5%/ w % BC5W+C and0.5%/ w% BCEPFS+C). In the lattecases,
the pH increased by 0.70.9 unit compared to the untreated control, probablydue to the
higher alkaline pH of these products (ptbf BC1PFS 8.8, andBC5W: 9.3) compared to BC2
PFSA biochar (pH=6.8).The compost addition resulted in greater pH levels both in
combination with BC1-PFS and BCGAV biochar compared to the 0.8/ w% biochar treatment
alone (0.3 unit). Similarly, $86 ( 1T OA A0 A1 8 jc¢mnenq & O A EECEA
combined application of compost andiochar, which is traced back to the fact that by using
the two additives together a higher liming potentialis achievable.j $8 ( T OA ADhisAl 8 h ¢
is probably due to the changes in the surface functional groups by elevated microbial activity
and altered pH.

On the other hand, the addition of theNPK fertiliser resulted in only a few percent
increase in the pH of the acidic soil when combined with biochar. By the end of the study, the
pH level of all microcosms (except 1% BCW) was higher than after two months of
incubation, and almost all of thetreatments caused greater pH levels after one year
compared to the start of the study.The posttreated grain husk and paper fibre sludge
biochar (BC2PFSA) also performed well, especially at® w% addition (14% higher pH than
the untreated control) and its growing influence on the pH throughout the microcosm
experiment should be noted.
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Figure 21 Changes in the pH during the microcosm experiment (No. 2).
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Soil water holding capacity may increase due to biochar amendme(Barnes et al.,
2014; Basso et al., 2013; Karhu et al., 2011; Wang et al., 20&8pecially in coarsegrained
soils (Barnes et al., 2014)

The BC1PFS biochar treatment at 2/ w% and 0.5%/ w% combined with compost
caused significant enhancement (in the 12 month approx. 136 compared to the control) in
the water holding capacity during the full duration of the experiment Figure 22). By the 12
month, the 0.5%/w% biochar treatment alone also showed a 10% significant increase
compared to the control. Thecombined application of BECRFS biochar with compost was more
efficient than BCIPFS biochar addition alone at @/5,%. Similar to our findings, Liu et al.
(2012) reported that biochar and compost applied together had a positive symgistic effect
on the properties of sandy soil (pH, nutrient levels, organic matter, water storage capacity)
(J. Liu et al., 2012)The combined application may result in an organic coating on the biochar
surface, which $rengthens the water-biochar interactions as well as the nutrient uptake
(Hagemann et al., 2017)Other authors also reported increased aggregation when biochar
and compost were applied in corbination (Fischer and Glaser, 2012; Somerville et al., 2020)
This could be a result of compost demposition and utilization asan energy souce for the
increased fungalbundance supported by the presence of biochawhich provides them with
a supportive habitat. Increased aggregation and bulk density result in higher capacity to
retain more water (Agegnehu et al., 2016)

In the case of BCAV biochar, the WHC increasing effect was strongen the short term
(approx. 25% after two months, also combined with compost) as also reported by Zainul et
al. (2017) when using woodderived biochar (Zainul et al., 2017)

However,on the mid-term, the increase (compared to control) was approximately 13%
(1% BC5W). After 12 months, only the ™/ w% BC5W and the combined 0.3/ w % BC5
W+NPK treatment had a significahincreasing effect on soil WHC. The slight attenuation of
the WHC increase may be attributed to a decrease in the surface area and pore volumes due
to a mild degradation of the applied biochargLiu et al., 2013)

The porosity of BCIPFS and BCAV biochar products (Table2) may have resulted in a
visible, suddenincrease of soil water holding capacity noticed already at the start and after
the 2nd month. Both the grain husk and paper fibre sludge biochar (BERFS), and the
woodscreening (BC5W) biochar have higher total pore and micropore volumes than the
BC2PFSAbiochar, which may provide additional space for water storage. Burrel et al.
(2016) reported that biochar might also have indirect effects on water holding capacity
supporting solil structure-forming processes, which may include association with soil organ
matter and enhanced aggregation, contributing to an improved habitat for soil
microorganisms (Burrell et al., 2016).
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The BC2PFSA biochar had no significant effect on the short term, but after one year,
the water holding capacity of the 0.8/ w% BC2PFSA treated microcosm was as high as of
the 0.5%/ w% BCZXPFS biocharcompost treated soil. Also, all of the BCRFSA treatments
showed significant WHC increasél3z17% compared to the control) The WHC increase may
have resulted from the biochar surface area alteration due to decomposition and
consumption of the posttreatment materials (compost, nitrogen, and rockione powder) by
the soil's biome.
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Figure 22 Changes in the WHC during the microcosm experiment (No. 2).

The shortterm (2 months) evolutions of the nutrient contents of the soils are shown
in Figure 23. As it can be seen, the ammoniuactate-acetate soluble KO content (AL:K20;
Figure 23.a) increased proportionally to the applied biochar concentration in the case of
BC1PFS and BGHV, but not inthe case of BCPFSA. From all the microcosms treated with
the same biochar, the ¥/ w% dose of both BC1 and BC5 biochars resulted in the highestK
content (103% and 87% increase compared to the control, respectively).

As shown inFigure 23.b, the addition of compost has a great effect on the A0s
content, as the compostreated acidic sandy soil features approx. two times higher
phosphorous content than the untreated control. In the case of this parameter,diBC2PFSA
biochar performs as the best probably due to the podtreatment involving compost, with the
highest, 2.7#fold increase at 1% applied concentration. The BCRFS biochar at 0.5 and 1
w/ w% shows a significant increase compared to the control, butedatment combined with
compost goes beyond them (28%, 71% and 131% increase compared to the control). The
wood-based BCBW treatment did not change the ALP.Os content of the soil when applied
on its own,as it has the lowest initial Pcontent from the three applied biochar (Table2, 1610
mg/kg) but only in combination with compost (67% increase compared to the control), as
expected.
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Biochar may supply a source of planavailable nutrients once applied to the soi(Sohi
et al., 2010) thus, biochar can be used as a soil amendment to improve deittility and crop
productivity . Some previous studies attributed thisutinction to the ability of biochar to retain
nutrients in soils (Basso et al., 2013; Beesley et al., 2011;Heann et al., 2003; Steiner et al.,
2008). Similarly to the above studies and in agreement with Yao et al. (2012), we found that
the effect of biochar on the availability of nutrients (i.e., available P and K) varied with
nutrient and biochar type (Figure 23).

The combined application of compost and biochar ithe case of both biochas resulted
in higher nutrient contents than applied these two additives separatelywhich is in line with
A OOOAU AT 1 A@ADd A2028)dnd $i6 et (2012) They both reported a
synergistic effect between compost and biochar onthe pH$ 8 ( T OA A Qwhidhiis8 h
closely related to rutrient availability , as it ishighly pH-dependent Therefore the increased
nutrient content can be due to the increased pH and elevated anobial activity.
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Figure 23 Changes in the ammoniufactate-acetate soluble KO (a) and BOs (b) during the microcosm experiment (No.2).

As it can be hypothesised, the loss on ignition value increases proportionally to the
increase of biochar concentration, resulting in significant changes from the control at 1%
applied biochar in the case of all three biocharg=jgure 24). Interestingly, after two months,
the initial high increases upm BC addition were moderated in most cases, probably due to
the loss of the labile carbon content via decomposition or consumption by microbes.
However, the trends and significant positive differences show that biochar treatments have
a beneficial effect @ soil carbon stores. This is especially true for the BERFS 1/ w%
treatment, where we observed a remarkably high increase even after one year (53% increase
compared to the control), which was observable throughout the whole experiment.
Interestingly, the synergistic effect can be observed in the case of both biochars when applied
in combination with compost and NPK, especiallin the long term. This increase compared
to their individual application can be originated from the increased microbiological actity
(Table 10) and biomass.

95

(SIS



Start 2nd month m 6th month m 12th month

25 . *
1 *** * ~k T * *
_ 20 L*T*T
E. T
5 15 -
.“E’
210
c
o
3 05
o
-
0.0
\éo\ o\ 0 Q {" o Q 0 @o\o QOX(J 0 o\e
& NN NP NN
¢ & \o\x & <<s <z‘< o? 6,\ $ N6 o ¥ K Q<<
& & SCEL S & & F N o L
<@ & & TS ¥ & N ANy
S Treatments & A
)

Figure 24 Changes in the value of Loss on Ignition during the microcosm experiment (No.2).

Based on the results of the RMANOVA, it can be concluded that both the biochar
treatments and the time hae significant effects on theabove discussed physicechemical
properties. The effect of treatments differsat different sampling times (Table 11), meaning
that the effect of biochar on thee parameters changes over time

5.3.2.2. Impact of treatments on thbiological parameters of theoil

The biochar applications caused different responses in the measured fungi and
bacterial cell concentrations [Table 10), but the results clearly demonstrate that biochar
treatment did not have adverse effects on soil microbes compared to control, thus the living
conditions were appropriate for soil bacteria. The addition of compost or NPK did not result
in significant charges in cell numbers.

Soil microbial activity, the concentration of soil microorganisms is one of the most
senstive indicators of soil quality. Biochar application as soil ameliorant can shift the
structure of the soil's microbial community (Lehmann et al., 2011; Liao et al., 2016)The
different alterations in the abundance or the diversity of the soiliving microbes might be
the result of other advantageous changes of soil properties (pH, WHC, nutrient contents, etc.)
(Ameloot et al., 2013; Gul et al., 2015; Yao et al., 2017)

The biological results demonstrated different responses in time and depending on the
biochar products used. On the short term (afte2 months) the BCXPFS biochar at 0.5/ w%
combined with compost had a favourable effect on soil bacteriapprox. 25% increase
compared to the control). After 12 months (approx. 120% increase compared to control),
this cell concentration was higher than observed in the individual treatments.
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As Fischer and Glaser (2012summarized,the combined application ofcompost and
biochar for soil improvement can enhance soilmicrobiological activity through providing
easily degradable carbon source via the compost and preserving habitahd additional
nutrients in the form of biochar. The synergistic effects of these additives on the above
mentioned key soil physicechemical properties (pH, WHC, nutrient content and availability
aggregate stability) provide an excellentniche for the microbes not only the short but also
on the long term(Fischer and Glaser, 2012)

However, the keneficial effects upon the addition of woodscreening biochar were
particularly noticeable after one year At the end of the incubation period amedment with
0.5%/ w% and 1%/ w% BC5W biochar (without other additives) resulted in approx. 160% and
120% increase, respectively, but at this time pointhe BC5W biochar at 0.5/ w% combined
with NPK resulted in the highest bacterial cell concentration (80% compared to the K). This
effect was attributed to the joint application of BCBV and NPK because this combination
resulted in significantly different outcomes compared to the individual application of
biochar.

Our findings on the improvement of bacteial abundance upon one year BC%/ biochar
treatment were similar to Gul et al. 's (2015), who reported that lyh production
temperature, slow pyrolysedwood-derived biocharswith low nutrient contents (and other,
lignocellulose-rich biochars) exhibited therr beneficial effects only after two months. In
contrast, the biochars produced from crop residue or manure promoted/increased much
earlier the abundance of the soil microbes than the wocederived biochars. The BC8V
biochar was produced at high temperatue (700 °C), resulting in larger poregAmeloot et al.,
2013; Gul et al., 2015and low volatile content. The bacterial cells can possibly colonise these
larger holes after biochar addition due to the labile carbon content antthe higher amount of
available nutrients caused by the pH increase. These biochars may attract and retain
nutrients, which can be stored in its micre and mesopores, but the nutrients are inaccessible
to the microorganisms due to the small pore size, leanvg the microbes in a nutrientpoor
media for a period. During the ageing process, these nutrients will become available later on,
leading to a higher microbial abundance. Similarly, in our study, part of the added NPK may
be stored in the pores as well, @d may possibly be released after one year of incubation.

Considering the results of biochar treatments without compost and fertiliser, the BC1
PFS biochar had the most favourable influence on soil bacterial activitygble 10), especially
after one year, when the ¥/ % addition caused a 250% increase compared to the control.
The surface areas and pore volumes of biochars are critical properties considering soill
quality due to its influence, for example, on water dlding capacity, nutrient cycling, and
microbial activity. The large surface area (175 @#ig) and the high total micropore volume
(0.063 cm¥/g) in the case of BCAPFS biochar (Table3) may possibly create a favourable
habitat for soil bacteria and their cobnisation.
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At the same time, the beneficial influence of the surface area and pore volumes in the case of
BCLPFS biochar may be manifested through its indirect effects. On the other hand, fow
temperature biochars feature high volatile content that is easr to utilise (Gul et al., 2015;
Luo et al., 2013)

A few studies (Luo et al., 2013; Yuan et al., 2011) reported that biochar produced at
low temperature was not only colonised but also utilised directly as a microbial substrate.
Presumably, in our study, the BGPFS biochar (45@500°C) was easier to degrade, resulting
in elevated bacteria concentration throughout the experiment.

The posttreated grain husk and paper fibre sludge biochar (BCRFSA) at high doses
significantly increased both the bacteria and the fungi numbeon the short term, but these
results were no longer observable after 12 months. This shoterm effect is likely due to te
post-treatment of this biochar with compost, nitrogen, and rockstone powder, serving as a
readily available nutrient for soil microorganism.

Table10 Changes in cell concentration during the microcosm (No.2) experiment. Dapaegent averages of three replicates

Bacteria [CFU/g soil] Fungi [CFU/g soil]

Treatments Start 2dmonth 6" month 12t month Start 2nd month 6t month 12t month
Control 1.8E+06 2.1E+06 6.2E+05 7.0E+05 1.0E+06 6.7E+05 6.0E+05 5.1E+05
Control+C 2.1E+06 2.3E+06 5.6E+05 7.0E+05 1.1E+06 8.2E+05 3.5E+05 8.3E+05
Control+NPK 2.6E+06(*) 2.0E+06 6.0E+05 5.9E+05 1.2E+06 1.1E+06(*) 3.7E+05 6.0E+05
BCXPFS 0.1% 1.4E+06 2.1E+06 5.8E+05 5.1E+05 1.3E+06 6.0E+05 4.9E+05 6.0E+05
BCXPFS 0.5% 2.4E+06(*) 2.5E+06 5.4E405 4.3E+05 1.8E+06 (*) 7.5E+05 4. 7E+05 6.4E+05
BCLPFS 1% 2.5E+06(*) 2.6E+06 1.1E+06 @ 2.5E+06(*) | 1.6E+06(*) 1.1E+06(*) 4.9E+05 7.1E+05

BCLPFS 0.5%+C  3.1E+06(*) @ 4.8E+06(*) 8.5E+05 & 1.5E+06(*) | 1.6E+06(*) = 6.7E+05 = 5.0E+05  8.5E+05(*)
BCLPFS 0.5%+NPK 3.0E+06() @ 3.6E+06(*) 5.4E+05 = 1.1E+06 | 8.4E+05 | 7.4E+05 = 4.7E+05  1.0E+06(*)

BC5W 0.1% 2.9E+06(*)  2.2E+06  7.8E+05  6.6E+05 | 8.7E+05 = 6.2E+05 = 7.0E+05 = 6.4E+05
BC5W 0.5% 2.7E+06(*) =~ 2.3E+06 = 7.9E+05 1.8E+06(*) | 9.0E+05 = 6.4E+05  6.5E+05 = 1.1E+06(*)
BC5W 1% 2.8E+06(*)  2.2E+06 = 7.6E+05 8.3E+05 | O.0E+05 = 8.3E+05  1.3E+06(*) 2.7E+06(*)
BC5W 0.5%+C 2.2E+06(*) =~ 2.4E+06 = 9.2E+05 1.5E+06(*) | 1.3E+06(*) = 7.6E+05 = 1.0E+06()  6.5E+05

BC5W 0.5%+NPK 1.9E+06 2.1E+06 7.8E+05 = 3.9E+06(*) 1.1E+06 3.7E+05 5.6E+05 1.5E+06(*)

BC2PFSA 0.1% 3.1E+06(* 2.6E+06 6.3E+05 5.5E+05 9.6E+05 7.9E+05 8.7E+05 3.0E+05
BC2PFSA 0.5% 3.0E+06(*) 2.7E+06 8.6E+05 5.6E+05 1.1E+06 1.1E+06(*) = 1.0E+06(*) 6.4E+05
BC2PFSA 1% 2.8E+06(*) = 3.1E+06(*) 8.8E+05 4.0E+05 1.5E+06(*) 6.3E+05 = 1.3E+06(*) 7.5E+05

Fungi numbers alscshowed different responses at the different biochar rates, botbn
the short and the long term Table 10). At the start, significantly higher fungi concentrations
were measured in the ™/ % BC2PFSA and in all thé&8C1-PFS biochar treated microcosms
(except the NPK combinations), but this effect disappeared by the end of the incubation
period. We experienced the same responses in the cases of BRESA biochar treatments: all
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of the treatments increased the fungi nurbher compared to the untreated control after 6
months (1.5z2.25 times higher proportionally with increasing concentrations), but none of
these effects vere significant after one year. BCPFSA biochar at 0.8/ w% and 1%/ w% rate
increased the fungi number ly approx. 25% and 46%, respectively.

On the other hand, BCAV biochar treatment had a significant influence on the fungi
number after 12 months too. In the case of ¥/ w%, BC5W, and 0.5¥/ w% BC5W+NPK
treatments, the fungal cell concentrations were 5 ah3 times higher, respectively, compared
to the untreated soil at the end of the ongear cycle. Underlining these findings, the
RMANOVA results show that the biochar treatments and the time have significant effects on
both the bacteria and the fungi CFland the effect of BC is different in the investigated time
points (Table11) meaning that the efficacy if the biochar treatment changes over time

High fungalbacterial ratio was found in the case of woodlerived biochar (BC5W)
after 6 and 12 months (1.7 and 3.3, respectively), compared to BCES and BGPFSA
biochars with lower fungal-bacterial ratio (<1.5). Luo et al. (2017) found a higher fungal
bacterial ratio upon maize straw biochar addition, similarly to ar results, suggesting that
the high biochar addition rates might rather increase fungal than bacterial diversit{L.uo et
al., 2017) The BC5W-mediated enhanced fungabacterial ratio in our study may be linked
to altered carbon cycling(Malik et al., 2016) An alteration toward a fungal dominance in the
soil microbiome is supposed to enhance organic C accumulation and decrease its turnover
rate due to enhanced soil aggregation facilitated by fungi and ahges in the physiology of
the microbial biomass(Six et al., 2006)

Table11 RMANOVA results over time évaluate the effects of biochar treatments on the examined parameters in the
microcosm experiment No. 2 (p<0.05).

Mean Square  F ratio .f. Mean Square F ratio p-value
pH Loss on Ignition
Treatment 15 0.85 90.21 0.000 Treatment 15 0.25 12.74 0.000
Time 3 0.87 55.81 0.000 Time 3 0.23 17.45 0.000
Time x Treatment 45 0.10 6.43 0.000 Time x Treatment 45 0.03 1.93 0.013
WHC Mustard root
Treatment 15 10.1 6.46 0.000 Treatment 15 130.88 14.72 0.000
Time 3 48.1 18.34 0.000 Time 3 476.71 92.06 0.000
Time x Treatment 45 8.0 3.05 0.000 Time x Treatment 45 26.94 5.20 0.000
Bacteria CFU Mustard shoot
Treatment 15 1.05E+12 10.37 0.000 Treatment 15 7.98 3.52 0.004
Time 3 2.80E+13 239.07 0.000 Time 3 110.70 44.90 0.000
Time x Treatment 45 9.00E+11 7.67 0.000 Time x Treatment 45 18.25 7.40 0.000
Fungi CFU Wheat root
Treatment 15 2.72E+11 19.28 0.000 Treatment 15 112.34 14.39 0.000
Time 3 1.60E+12 48.83 0.000 Time 3 1834.91 304.29 0.000
Time x Treatment 45 2.73E+11 8.34 0.000 Time x Treatment 45 40.79 6.76 0.000
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The combined application of 0.8/ w% biochar treatments (BC1PFS and BCHV) with
compost resulted in higher bacterial cell concentrations than both the individual compost
and the 0.5%/ w% biochar treatment, but no significant mid-term changes were detected in
the fungi number upon the combined applications with compost. The increase in bacterial
CFU can be attributed to the added organic matter via compost as a food source. Besides, the
combinedtreatments caused an improvement in the soil physicahemical properties (water
holding capacity, pH, and other nommeasured properties), which may have indirectly
resulted in the elevation of bacterial cell concentrations.

5.3.2.3. Impact of treatments on thecaoxicity of thesoil

Biochars may stimulate or inhibit root and shoot elongatior{Figure 25 and Figure 26,
respectively) during a plant growth test depending on the biochar and plant type, soil
properties, and the biochar application rate(Bouqgbis et al., 2017; Hilioti et al., 2017,
Oleszczuk et al., 2013)At the start of the experiment, all treatments significantly stimulated
the Sinapis alba(white mustard) root elongation (Figure 25). During the 21d month, this
slight positive effect was only observable in the microcosms containing higher B&PEFS
biochar doses (22 and 33% increase upon 0.8/w% BCIPFS and 1v/w% BCZIPFS
application, respectively) and in 0.5/ w% BC5W and BC5W combined with NPK and
compost (21, 38 and 28%, respectively).
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Figure 25 Changes in Sinapis alba (white mustard) root elongatigiincrease in percentage compared to control in the
microcosm experiment (No. 2).

However, this stimulating tendency dropped by the 8 month. BC1PFS and BCHV
biochars stimulated root growth by the end of the experiment, especially the wood screening
(BC5W) biochar at 0.5%/ w% combined with NPK had favourable effects on root and shoot
elongation (~85% and 40%increase in percentage compared to control).
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The differences compared to the previous results (measured after 6 months) were higher in
the cases of BGAV biochar, and this could be a result of the late nutrient release. Th&/ln%
BC1XPFS biochar amendmet increased root and shoot elongation by 75% and 37%,
respectively, compred to the untreated control.The posttreated grain husk and paper fibre
sludge biochar enhanced the root and shoot growth of mustard at the start, but no effecas
detected afterone year.

The shoot elongation test(Figure 26) showed that 1w/ w% BCZEPFS treatment led to
the longest shoots starting with the 2d month of the experiment (36% increase by the 12
month compared to the control).

BC5W biocha had a similar effect on shoot elongation than on root elongation: after
the 2nd month, first a decrease and then an increase was observed, compared to the control,
presumably due to the nutrient release. By the 2 month, the elongation was approx. 2%
30% in the case of all BGSV biochar treatments without compost and fertiliser, but the BC5
W+NPK combination resulted in approx. 40% increase. The stimulating effect of the BC2
PFSA biochar during the first half of the experiment ceased by the end of theeriment.
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Figure 26 Changes in Sinapis alba (white mustard) shoot elongatipimcrease in percentage compared to control in the
microcosm experiment (No. 2).

The root/shoot ratio (R/S) of the seedlings is another important indicator of
ecotoxicity (Figure 27). If this ratio is around 1 (0.8%1.15), the seedling can be considered
healthy. During the experiment, the untreated control's root/shoot ratio was around 0.8,
similar to the BC2PFSA biochar teatments (except BCZPFSA 0.}/ w% and 0.5V/ w% at the
start), meaning that the roots were underdeveloped, probably due to nutrient deficiency or
other stress conditions. Interestingly, neither the compost nor the NPKkcomplemented
controls (Control+C, Cotrol+NPK) showed healthier seedlingghan in the untreated control.
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This can be due to the fact that only the half of the recommended fertilizer and compost

quantity was used in the experiment to avoidhe maskingof OEA AET AEAOO8 ET AEO
when used in combinatiors; thus the applied dose of NPK and compost alone wast enough

to efficiently improve the degraded acidic sandysoild Quality for the seedlings. The

healthiest seedlings were grown after 12 months in the soils of the BEAFS 0.8/ w %, BC1

PFS M/ w %, BC5W 0.1%/ w%, BC5W 0.5%/w% treatments, and in biocharcompost and
biochar-NPK treated soils. Higher R/S ratio than the other treatments (>1.4) was obtained

in the case of the BGBV biochar amendment at 1% treatment dose, meaning thhahe roots

of the seedlings were longer than the shoots. This could be explained with an escaping
behaviour of the plant roots from the inappropriate soil environment.

1.8 Start 2nd month  m6th month  m 12th month

© 1.6

< 14

© 1.2

o}

5 1.0 T

3

S 0.8

o 0.6

©

»n 04

o

.g 0.2

» 0.0

N o\o -
«0 Q < Q
(’\& o ) 0‘ Q' (_) olo " 0‘ N Q Q
¢ x‘&x & Q‘? (,»'Q<< <<<o°<'9 o‘g\ox & ‘o’$ & &Qﬁ ‘°°\°X & & Q“%v
N g Q
Y Q

Treatments

Figure 27 Sinapis alba (white mustard) root/shoot ratio thoughout the microcosm experiment (No. 2).

In the case of the wheat seedling testT¢iticum aestivum), all of the treatments with
BC1PFS and BCHV biochars had a beneficial influence on the root elongation after 12
months (Fig. 8). An increase in percdage was the highest in the case of B&4 biochar at 1
w/w% dose (~85%), but other application doses of BGPFS and BCHV biochars also
promoted wheat root elongation resulting in ~40z70% increase in percentage compared to
control. No stimulation was deteted in the case of BGPFSA application at lower
concentrations, but the 1%/ w% BC2PFSA treatment affected the wheat root growth
positively (20% increase compared to control). The results of th@riticum aestivumroot
elongation test also revealed positie responses to biochar addition on the miderm,
particularly in the case of woodscreening biochar.

Contrary to our results, several studies reported toxic effects upon biochar application.
Oleszczuk et al. (2013) found a significant correlation betweethe PAHs content of biochar
and the observable toxicity measured by different ecotoxicological method®leszczuk et
al., 2013)
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Stefaniuk et al. (2016) stated that the contents of PAHs and metals in biochars depend
on the type of feedstock used for pyrolysis and in most cases in their study they experienced
an increase in the content of PAHs with the increase in the pyrolysis temperatu(Stefaniuk
et al., 2016) Hagner et al. (2016) carried out a complex experiment with birchBetula spp.)
biochars produced at different temperatures and found that the biochars produced at the
lowest temperature (300°C) had a negative effect on the germination anddmass of lettuce,
but not the biochars produced at high temperatures (475°C)Al of the biochars improved
the yield of radish and ryegrass, regardless of pyrolysis temperatui@iagner et al., 2016)

The biochars used in our microcosm experiment were produced at 43@00 °C and had
no significant adverse effect on the examined plant testorganismdahe synergistic effect
between compost and biochar is welteported in the literaturej $8 ( T OA AO Al 8h ¢m
and Glaser, 2012; J. Liu et al., 2022)owever, from the results of our experiment, it can be
seen, that the combined application of compost and biochar resulted a lower increase in
AT OE 1T £ O HHguré 28)atieABDS ABdd@ 28) root length than in the case of
the 0.5% biochar addition aloneThisis in linewith3 AAEAOOAT AO AlI 8 | ¢mpxd
found neutral or even antagonistic effect®n the growth properties of Abutilon theoghrasti
and Salix purpureawhen BC and compostvere applied together. The authorsconcluded that
the biochar could bind nutrients available to plants through its high sorption capacity
furthermore the combination of these additives might resulted in an owsupply of various
toxic elements(Seehausen et al., 2017)
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Figure 28 Changes in Triticum aestivum (common wheat) root elongatipincrease in percentage compared to cootrin
the microcosm experiment (No. 2).
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The Folsomia candida(springtail) mortality test showed a slight inhibition at the
beginning of the microcosm study upon BGS and BC2PFSA biochar treatment, but no
inhibition was detected after 7 weeks; morever, the springtails were positively affected by
most of the treatments(Molnar et al., 2016)

Biochars tend to age over time in soils when the exposed carbon rings with high
dAT OEOU AZ£OAA OAAEAA]I O Abséph at al A20XQpkeSubdihglinCa lagiO A
with a high concentration of Gcontaining functional groups on the biochar surface. The
oxidation starts on the biochar surface, and it proceeds slowly to the core of the biochar
particles (Sorrenti et al., 2016) This process gives way to microbes and other physico
chemical factors to degrade the biochar further(Hammes andSchmidt, 2012) a process
noticeable even after two yeargde la Rosa et al., 2018)Rechberger et al. (2017) found that
the ageing process was accelerated in acidic so{Rechberger et al., 2017)In our dudy, the
post-treated grain husk and paper fibre sludge biocharBC2PF3\) had a more pronounced
improving effect in terms of pH and water holding capacity increase, which we assume may
have been attributed to ageing, intensified by the applied podteatment. On the other hand,
the effect of woodscreening biochar on theSinapis albaroot elongation and soil water
holding capacity were also more recognisable after one year tham the short term.

Altogether, none of the biochars showed a significant netiee effect on root and shoot
elongation of the examined plants after one year, and no toxic effect was experienced in the
springtail mortality test; moreover, the biochar treated soil proved to be a better habitat for
them, than the untreated control on he short term. Midterm and longterm studies are
crucial to determine the effectiveness of certain bidtar on a certain soilproperty because
the effects vary in time, as proved by this study.This finding is also confirmed by
RMANOVA Table 11),. The result of the conducted analyses showhkat in the cases of both
test plants (S. alba and T. aestivunthe effects of biochars are different at different sampling
times (time x treatment effect significant). Based othe RMANOVAhowever, it can be clearly
stated, thatthe effect of biochar treatmentsare significant on the discussed seedling growth
parameters, as well ashe time, as a factois alsoproved to be statistically significant.

5.3.2.4. Impact of treatments on mzaé chlorophyll content

After the 12 months of the microcosm incubation study, the soil was used for aveek
maise growth test. After the 4week incubation period, the plants were harvested, and the
chlorophyll content was spectrophotometrically measured(Figure 29). In response to the
BCLPFS biochar treatments at 0./ w% and 1%/ w% application rates, the highest
chlorophyll content was obtained, resulting in 2@50% growth compared to the untreated
control. The B&G-W biochar addition alone had no significant effect on the chlorophyll
content, but in combination with NPK, it caused significant (~11%) increase.
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This parameter was not positively influenced by the compost addition, neither alone
nor in the combined gplication. In the case of the BGPFSA biochar treatments, decreased
chlorophyll content values were measured with increasing biochar concentration.

Plants chlorophyll content, as a photosynthetic activity indicator, is related to the
plants' nitrogen content. Due to this property, green plants' chlorophyll content may be an
indicator of a specific soil nutrient status and a measure of the response of crops to N
fertiliser application (Minotta and Pinzauti, 1996) Agegnehu et al. (2015, 2016) studied the
combined effect of biochar and compost on maize leaves chlorophyll content and found an
increase upon treatment with these additives both individualy and in combination. As
opposed to this,the combined application of compost and biochar resulteth neutral effect
in the case of BC:PFS moreoverantagonistic effect, a significant decrease in the chlorophyll
content was observedin the case of BCBV s 1 E1 AOT U O1 3 AAEAOOAT AO
Theyreported a decreased chlorophyll fluorescence in the leaves Af theophrastiupon the
combined application of biochar and compost The results of our 4week incubation
experiment with maize showed thatthe BCEPFS biochar at any concentration, without
supplementary treatments, increased greatly (2950%) the total chlorophyll content of the
leaves. In contrast, several studies claimed that biochar addition did not affect the
chlorophyll content of the ted plants (Agegnehu et al., 2016, 2015; Oz, 2018; Zainul et al.,
2017).
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Figure 29 Total chlorophyll content of tle maizeleaves in the microcosm experiment (No. 2).

5.3.2.5. Comparative evaluation of the treatments at the different sampling times

To assess and evaluate the short and migrm effects of the biochar treatments, the
significant positive effects on the examinedsoil characteristics were summarised in the
tables below, based on the™®, 6h and 12h-month results (Table 12-Table 17). To compare
the treatments, the S ISQP (%), namelythe Improved Soil Quality Parametervalues were
calculated fromthe number of significant positive changes as a percentage of pdlrameters
examined.
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After two months, the BC1PFS biochar afl W/ w% performed as the best treatment,
furthermore 0.5% BCZXPFS biochar combined with NPK and compostiso had beneficial
effects on the physicechemical characteristics of the tested acidic sandy soil and improved
the soil habitat for plants and springtail and can be recommended for field application.

Similar results were obtained (70%) by applying BCB8N biochar at 0.5%/ w% by itself
and in combination with compost; however, at this point of the microcosms study, we did
not detect any changes in the microbial activity uporapplication of the woodscreernng-
based biochar.Given the importance of the effecbn biological activity in the case of the
development of a complex soil improvement technology, we, therefore, proposed the
aforementioned BC1PFS biochar for field experiments instead of BE@/.

Contrary to the preliminary hypotheses related to its posttreatments, BC2PFSA
biochar performed moderately during the first sampling, improving especially the sb
physico-chemical properties.

Table12 Summary of significant positive effects of various treatments on soil characteristitsr & monthszMicrocosm
experiment No. 2

Soil characteristics ‘

Bacteria Fungi Mustard Mustard Wheat SISQP

Treatment P.0s KO WHC Lol pH CEU CEU S i i %)
Control+C \Y \Y \Y \Y 40
Control+NPK \Y \Y, \Y, 30
BC1-PFS 0.1% \% 10
BC1-PFS 0.5% \Y \% \% \% \% \% 60
BC1-PFS 1% V V V V V V V \% 80
BC1-PFS 0.5%+C \% \% \% \% \% \% \% 70
BC1-PFS 0.5%+NPK V \% \% \% \% \% \% 70
BC5W 0.1% \ \ \ 30
BC5W 0.5% \% \% \% \% \% \% \% 70
BC5W 1% \Y \Y \Y \Y \ 50
BC5W 0.5%+C \% \% \% \% \% \% \% 70
BC5W 0.5%+NPK \% \% \% \% \% 60
BC2-PFSA 0.1% \% 20
BC2-PFSA 0.5% \ \ \ \Y \ 50
BC2-PFSA 1% \ \Y \Y \Y; \ 50

*ISQP (%Y Improved Soil Quality Parameters as a percentage of all parameters examined

After 6 months with the start of the slow ageing of biochar and the loss of the readily
available nutrients and labile carbon fraction, new processes started to take place.
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At this sampling point, the woodscreeningoased BCSW biochar at 1% applied
concentration proved to be the best du¢o its apparent effect on the fungi CFUT@ble 13). In
addition, it performed well even at 0.5% when used in combination with compost and
fertiliser (62.5%); nevertheless, the 1% BCAPFS showed enhancements on théart term
also, resulting in the same ISQP %, as the 0.5% BRRSA treatment.

Due to its promising effects on solil properties at higher concentrations (0.5%, 1% and
combinations with compost and NPK) the application of the BE®/ biochar in a microcosm
experiment with an even higher biochar concentration was proposed, resulting in its
participation in the No.3 microcosm experiment, discussed below.

Table13 Summary of significant positive effects of various treatments on soil chaastics after 6 monthgMicrocosm
experiment No. 2

Soil characteristics ‘

1 i *
Treatments WHC Lol pH Bacteria  Fungi Mustard Mustard  Wheat SISQP

CFU CFU shoot root root (%)
Control+C \Y \Y 25.0
Control+NPK \% \% \% 37.5
BC1-PFS 0.1% \% 125
BC1-PFS 0.5% \Y% \Y% 25.0
BC1-PFS 1% \% \% \% \% \% 62.5
BC1-PFS 0.5%+C \% \% \% 37.5
BC1-PFS 0.5%+NPK \% 125
BC5W 0.1% \% \% 25.0
BC5W 0.5% \% \% \% \% 50.0
BC5W 1% V A V V V V 75.0
BC5W 0.5%+C \% \% \% \% \% 62.5
BC5W 0.5%+NPK \% \% \% \% \% 62.5
BC2-PFSA 0.1% \% 12.5
BC2-PFSA 0.5% \% \% \% \% \% 62.5
BC2-PFSA 1% \% \% \% \% 50.0

*ISQP (%Y Improved Soil Quality Parameters as a percentage of all parameters examined

After 1 year, three treatments were ranked on the first [ace with the same ISQP%
(88.9%); the grain husk and paper fibre sludgdéased BC1PFS biochar at 2/ w% and 0.5
w/w% in combination with compost, and the woodscreenindgpased BC5N biochar at 0.5
w/ w% in combination with fertiliser ( Table 17). As the improwement of water management
is of paramount importance for sandy soils, the use of BEAFS biochar, which has a
significant positive effect on the WHC value, is therefore supported.
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However, it is worth noting that the use of BCAV at 1¥/ w% also hal a bereficial effect
on WHC, but as it did not affect thehlorophyll content of the maiz plant and bacterial CFU,
it was inferior to BC1-PFS biochar. Nevertheless, the study of the effect of woebdsed
biochar at higher doses may provide a basis for further search.

Table14 Summary of significant positive effects of various treatments on soil characteristics after 12 mghicrocosm
experiment No. 2

Soil characteristics ‘

: : .
Treatments WHC Lol pH Bacteria Fungi Mustard Mustard Wheat Chlorophyll SISQP

CFU CFU shoot root root in maise (%)
Control+C \% \% 22.2
Control+NPK 0.0
BC1-PFS 0.1% \% \% \% \% 44.4
BC1-PFS 0.5% \Y \Y \Y \Y \Y 55.6
BC1-PFS 1% V V \% \% \% \% \% V 88.9
BC1-PFS 0.5%+C V V A% A% A% V \% \% 88.9
BC1-PFS0.5%+NPK \% \% \% \% \% \% 66.7
BC5W 0.1% \% \% \% 33.3
BC5W 0.5% \Y \Y \Y \Y \Y \Y \Y 77.8
BC5W 1% \ \Y \Y \Y \Y \Y \Y 77.8
BC5W 0.5%+C \% \% \% \% \% \% 66.7
BC5W 0.5%+NPK \% \% \% \% \% \% \% \% 88.9
BC2-PFSA 0.1% \% \% 22.2
BC2-PFSA 0.5% \% \% 22.2
BC2-PFSA 1% \% \% \% 33.3

*ISQP (%Y Improved Soil Quality Parameters as a percentage of all parameters examined

The results of the combined assessment applying a multiparameter approach
demonstrated that the application of grain husk and paper filke sludge biochar at ¥/ w%
(1% BCLPFS) and 0.9/ w% in combination with compost (0.5% BC1PFS+NPK) as well as
the 0.5%/ w% biochar from woodscreening combined with fertiliser (0.5% BCBN+NPK)
were the most favourable treatments with slightly different chaacteristics. Both the induced
physico-chemical and the biological changes confirmed the added value and the positive
influence of this treatment on acidic sandy soil parameters. The biochar from grain husks
and paper fibre sludge (BCAPFS) also had bendfial effects on the physicechemical
characteristics of the tested acidic sandy soil and improved the soil functions for plants. The
effects of this biochar were manifested to the greatest extent at the applied I w%
concentration.
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5.3.3. Mid-term effects of nscanthus and woodscreenings biochars on acidic sandy
soil (Mcrocosm experiment No) 3

During the second microcosm study, two biochars (BC®/: woodscreening BC14M:
miscanthus)with high scores were mixed in acidic sandy soil at higher concentrationsdh
previously (0.5%/ w%, 1w/ w%, and 2%/ w%). The experiment aimed to expand the range of
our monitoring methods prior to the field study and to test a broader range of biochar
addition, to assess whether the biochars have more prominent effects in higher
concentrations.

5.3.3.1. The effects of biochars on tiphysicechemical properties of thsoil

Figure 30.a shows the evolution ofthe pH values during the microcosm experiment. As
it can be seen, the effect of the woedased BC5W biochar is more pronounced and can be
considered more stable throughout the 1 year, since all the applied concentrations at all
sampling times caused significant enhancements compared to the control, with the highest
increase detected at the lassampling time (41% increase compared to the control in case of
2w/ w% BC5W). As opposed to this, after 1 year, the BCIM biochar caused significant
increases only in the higher concentrations (8.7% and 45.5% increase in the cases 8f 4%
and 2%/ w%, respectively). However, these values were much lower than with the other
biochar. This difference between the two biochars can be attributed to their initial pH, as the
Miscanthusbased BC14M had a lower pH (7.62) than BCAV (9.3); therefore, its effect on
the pH cannot be as pronounced either. Furthermore, the differing ash content (20% and
16% for BC5W and BC14M, respectively), which can serve as a liming agent in soils
(Demeyer et al., 2001) might be responsible for their varying response in pH.

In terms of WHC values Figure 30.b) the Miscanthusbased biochar, especially the
highest concentration, showed he most promising results with significant enhancements
throughout the experiment. At the end of the study, the increase was 26.5% compared to the
control, and it should be highlighted, that even though the soil WHC in the microcosms
dropped possibly due b the continuous mixing and deterioration, the BC1M at 2% could
not only maintain but also enhance the initial WHC. In contrast, the B&B treatment did
not result in as spectacular improvements as the BCiMI treatment, only a maximum of 10%
non-significant increase in case of 2/ w% BC5W addition. According to the literature, the
effect of biochars on the soil WHC vas between soils and biochar types; however, several
studies reported improved soil water management upon biochar additiorfAbel et al., 2013;
Barnes et al., 2014)mostly due to increase in the surface area and pore volun{®bia et al.,
2016). Both BET specific surface area and powolumeof the miscanthus-based biochar are
one order of magnitude larger than that of wooebased biochar, resulting in a more
substantial capacity to retain water both on the shorand longterm.
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The changes in the los®n-ignition can be seen inFigure 30.c. It is observable that in
the case of both biochars, the smaller biochar concentrations resulted in a significantly lower
loss on ignition than in the control. As loss on ignition is in a strong correlation ith soll
organic matter, this decreasing tendency can be a sign of positive priming or -co
metabolization due to biochar addition. However, in the cases of both biochars, the highest
doses caused significant increases in the Lol throughout the experimenthigh were at the
end of the study 56% and 35% compared to the control upon w% BC5W and BC14M
addition, respectively.
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Figure 30 Changes in the physiechemical properties during microcosm experiment (No. 3): (a) pH, \{@ter holding
capacity, (c) Loss on Ignition.

Similarly to the Lol values, the oganic matter (Figure 31.a) showed similar tendencies;
in case of lower biochar doses (0.5 and w%) the OM decreasd, andby the 12t month
this effectwas significant in all BC5W treatments, but onlyat the lowest, 0.5/ w% BC14M
treatment. Interestingly, on the short term, the 1w/ w% and 2%/ w% BC14M treatment
increased the OM content in the soil, but on the long term (12 mdms) this effect changed to
a decrease compared to the control.
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Due to their structure, the biggest fraction of biochars tend to be resistant to decomposition;
therefore, theywere able to increase the values of loss on ignition and organic matter (OM)
content (DeLuca et al., 2012; Sohi et al., 2010)

However, by subtracting the added carbon via biochar from the sample's measured OM,
the original carbon content of the soil can be obtained. In the case of both biochars, this value
decreased proportionally with the applied biochar concentration, suggestinghat positive
priming occurred in these soils. According to Van Zwieten at al. (2017), positive priming
happens when upon biochar addition, the decomposition of soil's native organic carbon
content is stimulated, and negative priming, when the rate of deoposition is reduced by
biochar addition. Priming is influenced by many factors, including biochar type and soil
characteristics, as well as incubation conditions. Positive priming typically occurs in case of
low C soils (as our acidic sandy soil) when th available nutrient supply of the biochar
stimulates the microbial activity, as could be seen in our experiment in the results of the
Biolog® EcoPlatéA test (Figure 32).
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Figure 31 Changes in the nutrient content during microcosm experiment (No. 3): (a) Organic Matter (b) ammoniactate-
acetate soluble KO, (c) ammoniurdactate-acetate soluble FOs.
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Both of the applied biochars had positive effect on the potassium suppliigure 31.b)
of the acidic sandy soilat all concentrations and sampling times increments were detected
compared to the untreated control; however, the 2/ w% BC5W treatment stands out among
them, with an approx. 2fold increase at the last sampling timeAs opposed to this, the 2%
BC14M addition caused a 55% increase compared to the control after 12 months, however,
no dosedependent tendency is observable in the case of the BCMbiochar. The difference
between the effect of the biochars can be attributed to their initial K content (BCAV: 16871
mg/kg, BC14M: 750 mg/kg), as the measured changes originate most likely from the direct
release of K from the biochar.

The available phosphorus contentKigure 31.c) decreased as a result of the addition of
both biochars, and no applied concentratiordependent effect is observed throughout the
experiment, all the applied concentrations result in the same amount of available P content
(within the treatments with one biochar). BC5W biochar treatment cause approx. 65%
decrease regardless of concentration; BCIW causa& a 50% decrease also regardless of
concentration. However, several studies reportncreased levels of available RGlaser and
Lehr, 2019; Kahura et al., 2018)but since P availability is highly pFdependent, a higher
level of potassium is available at the right level of acidityAl-Rohily et al., 2013) However,
the biochar has adequate phosphorus storeand due to the changed pH conditionseither
that nor the soil's own P content is available. The addition of woodscreening (B&g)
biochar resulted in higher pH (56) and lower level of Al-P2Gs, the miscanthus-based (BC14
M) biochar elevated the pH more slightly (4.8) with 1.5 higher AL-P20s values, closer to
the control than in the BC5W treated soils.

Table15 RMANOVA results over time to evaluate the effects of biochar treatments on the examined ptiysioical
parameters in microcosm experiment (No. 3) (p<0.05)

d.f. Mean Fratio  p-value d.f. Mean F ratio p-value
Square Square

pH Organic matter
Treatment 6 1.50 121.41 0.000 | Treatment 6 0.37 35.98 0.000
Time 2 0.35 46.81 0.000 Time 2 0.58 93.59 0.000
Time x 12 0.08 1054 0000 | IMex 12 0.04 650  0.000
Treatment Treatment
WHC AL-K20
Treatment 6 12.96 12.94 0.001 Treatment 6 2463.89 39.96 0.000
Time 2 74.69 74.79 0.000 Time 2 552.60 27.81 0.000
Time x 12 459 459 0003 | Mmex 12 5956 300 0027
Treatment Treatment
Loss on Ignition AL-P20s
Treatment 6 1.11 57.78 0.000 Treatment 6 11794.43 313.31 0.000
Time 2 0.72 29.20 0.000 | Time 2 363.75 22.68 0.000
Time x 12 0.07 205 0028 | Imex 12 5745 358  0.005
Treatment Treatment
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Based on the results of the RMANOVAdble 15), it can be stated that both the biochar
treatments and the time had a significant effect on all the discussed physiedhemical
properties, and the effect of BC treatments is different in the investigated timepoints (time x
treatment effect significant). Based on these findings, when discussing the effects of the
biochar on the soil physicechemical parameters, great emphasis should be put on the
differences between the short and the longerm results.

5.3.3.2. The effect of biocharsn thebiological activity of theoil

Table 16 shows the evolution of the bacteria and fungi cell numbers throughout the
experiment. It can be seen, that all the BCiMI biochar treatments significantly enhanced
the bacterial CFU at the first sampling time (besides the 0#%5w% BC5W), however, this
effect was no longer observable at the end of the study, when only th#/2,% BC5W caused
a significant, 2.5fold increase in the bacterial CFU. In the case of the fyirCFUsimilarly to
the bacterial CF|) especially BC5W addition resulted in a rather significant long-term
stimulation than short-term stimulatory effects. Based on the RMANOVA results (

Table 17), both the BC tratments, the time, and their interaction had significant effects on
the bacterial CFU, but none of them had a statistically significant effect on the fungi CFU.
Interestingly, the wood-based biochar (BC5N) on the long term had a significant effect on
the bacteria and fungi number, while the nscanthus-based biochar (BC14M) only on the
short term.

Table16 Changes in cell concentration during the microcosm experiment (No. 3).

Bacteria [CFU/g soil] Fungi [CFU/g soil]

Treatments Start 6th month 12t month Start 6t month 12t month
Control 1.8E+06 1.8E+06 1.0E+06 1.2E+06 9.0E+05 7.3E+05
BC5W 0.5%  3.3E+06(*)  1.9E+06 1.9E+06 8.5E+05 1.1E+06 | 1.9E+06(*)
BC5W 1% 2.7E+06 2.4E+06 1.4E+06 1.3E+06 1.1E+06 1.2E+06
BC5W 2% 2.7E+06 2.5E+06 @ 2.5E+06(*) @ 1.1E+06 1.7E+06 | 1.7E+06(*)

BC14-M 0.5% 4.8E+06(*) 2.4E+06  1.5E+06 = 1.7E+06 2.6E+06(*)  1.2E+06
BC14-M 1%  3.0E+06(*) 1.1E+06  1.3E+06 = 2.2E+06  2.0E+06  1.5E+06
BC14-M 2%  3.5E+06(*) 2.0E+06  2.1E+06 = 1.9E+06  1.6E+06  1.1E+06

Some studies suggedhat biochar-mediated changes in the microbiological activity can
be attributed to the positive changes in the physicahemical properties, especially in coarse
grained soil (Gul et al., 2015; Liang et al., 2010; Van Zwieten et al.,, 2018C14M had
positive effects on the WHC right after the start fothe measurement, which was consistent
with Liang et al. (2010)'s findings.
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In this experiment, a fresh batch of BGSV was used, featuring one order of magnitude
smaller specific surface area and pore volume, however, with the ageing of the biochaingjr
capacity to hold water, and the nutrient storing properties change, and their pores might
collapse creating larger holes, that are more suitable for microbes to inhabit. In Microcosm
Experiment No. 2, the BCBV biochar behaved similarly Table 10), enhancing microbial
abundance, especially after 1 year. Furthermore, in particular, the"2w% BC5W treatment
had an outstanding effect on loss on ignition in the long run, providing a slowly degradable
carbon storage.

The parameters calculated from the results of the Biol6gEcoPlatéA measurement are
shown in Figure 32.ab. The Average Well Colour Development (AWCBigure 32.a) gives
information about the general activity of the microbial community present in the given sail
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Figure 32 Changes in the biological activity indexes during the microcosm experiment (No. 3): (a) Average Well Colour
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In all samples treated with biochar, elevated activity is observable from the start, and
the activity increases proportionally with the concentration. The appliation of the BC5W
biochar at 2w/ w% had a morea prominent effect after 12 monthscompared toBC14M, as it
caused a 6.3old increase in the Substrate Richness compared to the control, while the same
concentration of BC14M causedonly a 4.6fold increase. Interestingly, the AWCD of the BG5
W 0.5%/ w%, BC14M 0.5%/ w%, and 1%/ w% microcosms dropped drastically compared to the
previous samplings probably due to the loss of nutrients and biochar ageing processes,
nevertheless, they still shoved significant increases compared to the control (3685%
increase compared to the control). Similar tendenciesouild be perceived from the Substrate
Richness results Figure 32.b), which showed how many of the 31 potentially avaiable
substrates were utilised by the microbial community of the soil @ample. As shown by the
RMANOVA (Table 1), both the biochar treatments and time had a significant effect on the
AWCD and Substrate Richness, and the BC treatments had a different eféd¢he different
sampling times (time x treatment effect significant) therefore it can be stated that the effect
of biochar on the soil biological activity changes over timeThe difference between the
evolution of AWCD for the two different biochars catbe due to their initial properties and
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their varying effects on the soilphysico-chemical properties, which have an indirect effect
on microbial activity. BC14M addition resulted in a lower pH, which explains the slight
difference between the performanceof the two biochars in theBiolog® %A T 0 | tdsOFha
activity drop at the end of the study can be attributed to the loss of nutrients and the labile
carbon fraction of the biochar. However, as this drop is not observable at the higher biochar
concentration, it can be hypothesised that at these concentrations, the cumulative positive
changes upon biochar addition created a lonrterm sustainable environment for the
microbial community.

5.3.3.3. Assessment of theotentially toxic effects and habitat function of thiechars

To assess the potentially toxic effects caused by the biochars on the BC treated soils'
habitat function, both plant and animal tests were applied.

In the case ofSinapis alba(white mustard; Figure 33.a), both biochars caused sho+t
term enhancements in root elongation, probably due to the readily available nutrients in the
ash and labile carbon fraction; however, this effect was attenuated during the subsequent
sampling. On the long term, the 0.8/ w% and 1%/ w% BC5W and the 1%/ w% and 2%/ w%
BC14M treatments had an enhancing effect on the root elongation (327% compared to
the control). In the case of the mustard shootsHigure 33.b), no longterm stimulation was
detected; moreover, most biochar treatments had a slight inhibitory effect (around 10%),
but, only the 0.57/ w% treatment was found to be significant (15% decrease compared to the
control).

The results of the wheat test Figure 33.c) varied greatly over time and most
treatments stimulated plant growth on the short term. As opposed to this, inhibition
occurred in many cases on the miderm, but it disappeared by the end of the experiment;
moreover, stimulatory effects were observed again upon all the biochar treatments. The
decrease in root growth experienced in both plants and especially in the case of the control
samples can be attributed to the depletion in the initial nutrient content of the microcosms
during the oneyear period. The RMANOVATable 17) showed that in the case of both plants,
both the treatments and the time had a significant effect on the evolution of the root and
shoot elongation. The effect of the biochar treatments on the wheat root andustard shoot
varies at the different sampling times.
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Figure 33 Changes in the white mustarg Sinapis alba root (a), shoot (b), and common wheatriticum aestivum root (b)
elongation in the microcosm experiment No. 3.

However, the raw data without statistical analysis could not show the influence of time
on the biochars' effect on the mustard root elongation. There is no generally accepted
opinion in the scientific literature about the effect of biochar on plant growth as conflicting
results come to light(Oleszczuk et al., 203; Van Zwieten et al., 201Q)however, in general,
in our experiment long-term plant growth inhibition has not been detectedThe only long
term inhibitory effect was observed in the case of the white mustard shoot elongation at the
lowest applied concentation of BC14M, but it did not exceed 15%. However, it is important
to note that the two test plants gave different responses to biochar treatments, while no
significant mid-term inhibition was observed for mustard, the wheat was sensitive, andn
severd cases both biochars triggered its inhibition which w as attenuated by the last
sampling.
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Table17 RMANOVA results over time to evaluate the effects of biochar treatments on the examined biological and
ecotoxicological parametes in the microcosm experiment (No. 3) (p<0.05).

Fratio p-value

Bacterial CFU Mustard root

Treatment 6 1.33E+12 7.49 0.009 | Treatment 6 9.21 6.20 0.008
Time 2 8.58E+12 34.52 0.000 | Time 2 142.44 71.05 0.000
Time x 12 720E+411 293 0029 | Jmex 12 4.46 223 0.061
Treatment Treatment

Fungi CFU Mustard shoot

Treatment 6 7.52E+11 3.99 0.075 | Treatment 6 4.01 3.78 0.037
Time 2 3.43E+10 0.14 0.874 | Time 2 14.59 17.63 0.000
Time x 12 398E+11 158 0238 | MmeX 12 2.95 357  0.008
Treatment Treatment

Biolog - AWCD Wheat root

Treatment 6 0.37 15.37 0.004 | Treatment 6 20.26 13.44 0.000
Time 2 0.66 167.27 0.000 | Time 2 421.63 140.61 0.000
Time x 12 0.03 864 0001 | Mex 12 2062 688  0.000
Treatment Treatment

Biolog z S Richness

Treatment 6 120.78 103.52 0.001

Time 2 86.74 74.35 0.000

Time x 12 17.63 1511  0.002

Treatment

Not only seedling growth tests but also animal testorganismbased ecotoxicologich
tests were performed. According to the result of thé-olsomia candidaspringtail mortality
test, lethality did not exceed 10%

To assess the habitat function of the biochareated soils, Enchytraeus albidus
avoidance test was carried out at the 6th momit and 12th-month samplings.Figure 34 and
Figure 35 show the spatial choices of the animals between the two paired soils, where the
arrows with a solid line mean that the chice was significant, and more than 75% of the
animals chose the given soil over the other. The dashed arrow means that the preference of
the given soil was significant, but less than 75% of the animals chose the sample over the
other. When comparing the bochar-treated soils with the control (Figure 34), the pot worms
always chose the biochatreated soils over the control acidic sandy soil in all pairing at both
sampling times. Several factors (pH, organic matter atent, soil texture, etc.) can influence
the soil preference/avoidance response of earthworms and because these parameters
improved as a result of biochar treatments, test animals chose bioch#&reated soils with
better living conditions over acidic sandysoil (control) (Amorim et al., 2008; Delgadillo et
al., 2017)
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Figure 34 Enchytraeus albidus soil preference between the control and bioetneated soils at the émonth and 12month
sampling. Data represent averages of three replicates.

When the biochartreated soils were paired together Figure 35) at the 6"-month
sampling, the animals always chos¢he soil with a higher biochar dose. When the same
concentrations were paired from both biochas, the animals always preferred the
Miscanthus biochar (BC14M) treatment over the woodscreeningoriginated one (BC5W)
and among all pairs the highest preferere was for the 1w/ w% and 2%/ w% BC14M
treatment. However, at the end of the study, the number of significant effects dropped, but
the preference of the higher biochar doses over the lower ones was still observable. Among
all the treatments, still, the 2w/ w% BC14M treatment proved to be the most supportive
environment for the potworm, becauseghe BC14M biochar had the biggest influence on the
soil's WHC and the physica&chemical propetties.

It can be concluded that the biochamediated changes in thesgarameters greatly
affect the habitat function of the soil, by creating a more liveable, preserving habijéhereby
also participating in creating healthy soil.
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Figure 35 Enchytraeus albidus soil preference between the biochaated soils at the &nonth and 12month sampling.
Data represent averages of three replicates.
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5.3.3.4. Comparative evaluation of the treatments at the different sampling times

Similarly to the previously discussed No. 2 microcosm experiment, the current study
aimed to compare the short and mieerm effects of the chosen biochars at different
concentrations. The significant positive changes in the soil parameters and the calculated
treatment S ISQP (%) values (Improved Soil Quality Parametearalues) are shown in the
tables below (Table 18 - Table 19), based on the 24, 8" and 12h-month results. TheSISQP
(%) was obtained by calculating the number of significant positive changes aspercentage
of all parameters examined. With the help of the ISQP values, | was able to compare the
effectiveness of eachreatment with the ones used in microcosm xperiment No.2, even
without testing the same type and the same number of parameters.

After 6 months, BC14M biochar at 2¥/ w% brought the most positive changes in this
experiment. As can be seen, none of the treatments affected the cell counts, but all of them
showed increased biological activity via the Biolo§ EcoPlatéA test. In this expeiment,
wood-based biochar no longer showed a significant effect on water holding capacity, as
observed in the previous experiment after 6 and 12 monthsliable 13 and Table 17).Because
of this difference, it is essatial to highlight that before the setup of microcosm gperiment
No. 2, a new batch of BC®/ biochar was ordered and was used freshly.

In the case of microcosm eperiment No. 1, the biochar was stored in the lab during the
screening phase and probably uderwent ageing/maturation processes that may have
affected its porosity, and through that, its capacity to hold and store more wate{Batista et
al., 2018) Based on this difference between fresh and mildly aged biochars, i
recommended to characterise them immediately before their use, not only after production.
Interestingly, after 12 months, both biochars at thepplied 2%/ w% concentration performed
similarly, improving 64.3% of the parameters Table 19).

The main difference is the longerm positive effect of woodbased (BC5W) biochar on
bacterial and fungal counts, which was not observed for Miscanthusased (BC14) biochar.
However, it is important to highlight the outstandingly positive effect of BC14M at 2%/ w%
concentration on WHC throughout the experiment. It can be concluded from the ecotoxicity
test that although there was no risk to the environment from both biochars even when used
at 2w/ w%, BC14M even stimulated plant growth. In the potworm test, animals always opted
for 2w/ w% BC14M treatment if we offered them this option.
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Table18 Summary of significant positive effects of various treatments on soil characteristics of microcosm experoeBtafter 6 months

Soil characteristics

Teamenss  pr whe TR TEE o pos SR TO awen TRED Moot sost  root aveicance 00
BC5EW05% V v v v 1 35.7
BCSW 1%  V v v v v 1 42,9
BC5EW 2%  V v v v v 1 42,9
BC14-M 0.5% v v VooV v v 1 50.0
BC14M 1% VAR v v 1 35.7
BC14M2% V  V v v v v v 1 57.1

*ISQP (%Y Improved Soil Quality Parameters as a percentage of all paranees examined

Table19 Summary of significant positive effects of various treatments on soil characteristics of microcosm experiment No. 3 aftentts

Soil characteristics

Toamens g whc [P O o o, SIS T pycp S Wemd W e rovor isor
BC5W 0.5% \% V \% \ \ \ \% \% 57.1
BC5W 1% \% \Y \ \% \Y \% \% 50.0
BC5W 2% V V V V V V V V \ 64.3
BC14-M 0.5% V \ \% \% 28.6
BC14-M 1% \% \Y \ \% \% \ 42.9
BC14-M 2% V V V V V V V V \ 64.3

*ISQP (%Y Improved Soil Quality Parameters as a percentage of all parameters examined
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5.3.4. Summary of the results of microcosm experiments

As part of the scaleup techndogy development, carrying out a microcosm experiment
is crucial to be able to predict the longerm effects of any soil additive based on its behaviour
in laboratory conditions.

According to the results of the shordterm microcosm experiment No. 1(Section 5.3.1),
it can be stated that the grain husk and paper fibre sludge biochar, which was ranked at the
first place in the screening phase, was able to improve efficiently both the acidic sandy soil
and calcareous soil's properies; therefore, it may be suitable for improving these soils even
at the field scale.

In the first mid-term microcosm experiment (No. 2 Section5.3.2), we applied three
different, high-scored biochars on acidic sandy soil andvere already able to obtain
information on the long-term effects. We observed that the chosen biochars' effect on the
soil's properties differed depending on the sampling time; however, the BERFS biochar
performed as best on the shor, and the long tem as well. Based on its shofterm
performance, especially in the case of the physiechemical properties, it was selected for
field testing.) 00 AEZEAAOO 11 OEA OAT AU OITEI SO B(h 7(#
the results of the previously comlucted short-term microcosm experiment.

The aim of the second migderm microcosm (No. 3 Section5.3.3) experiment was, on
the one hand, to test the previously used woodscreening based BC and an additional one with
a high score(miscanthus-based) at a higher concentration, to see if the BC mediated changes
are concentration-dependent and to complement our previously used monitoring
methodology for the field experiment. As a result, the Miscanthus BCM biochar and the
wood-based BC5W at 2% performed similarly, with the BC14M always resulting in more
considerable changes of the examined parametershe E. albiduspotworm avoidance test
has provedthe better habitat-providing property of BC14M compared to BCHWV.

121



5.4. Results of th field experiment

During the field study, we examined the londerm effects of the previously chosen
grain husk and paper fibre sludge biochar (BGPFS) on acidic sandy and calcareous sandy
soil. The experiment took place in Hungary and lasted for 30 mtms with three applied
biochar doses (3 t/ha, 15 t/ha and 30 t/ha) besides the controls.

5.4.1.Impact of treatments on thphysicechemical parameters of thewils

As expected, the biochar addition increased the pH of the acidic soil proportionally with
the added biochar concentration, not only on the short but also on the long terrawing to
the high pH (8.8) of the biochar itself Figure 36).
However, the 3 t/ha biochar addition did not show any significant effectompared to
OEA AAEAEA Ol EI 8 0 #z@4%hro8ghdut the exetiraedt) vias obserdel OA § p ¢
at 15 t/ha biochar addition, which got more prominent over time. 30 t/ha BC addition had
increased the pH significantly by 26% right after the start andy 24% after 30 months
AT i DbAOAA OI OEA AAEAEA OTEI B8O .0+ AiTTOO0T I8 #Ii
change significantly compared to its C+NPK upon biochar addition.
In our study, the examined two soils differ significantly in pH, carborta- and organic
matter content. According to the literature(Khan et al., 2013; Liwet al., 2014; Prayogo et al.,
2014) biochars, due to their alkaline pH, may raise the pHin acidicsois.ET AT OEL AT A +1
(2017) in field experiments after applying different rates of the same grain husk and paper
fibre sludge biochar and biochar + Nfertilisation to a slightly acidic soil observed an
immediate gradual increase of both pH:oand pHkc, however, in time there was a decrease

of pHkaiin all treatmentsj £ E1T AT OEL AT A +1 EIi AEh ¢mpxqQ

In our field experiment, we found that biochar addition increased the initial pH of the
acidic soil, and this significant effect was maintained even after 30 months in the case of the
15 t/ha and 30 t/ha BC treatments.These findingsare similar to what was observed in the
microcosm studies where the applied biochar hacamore prominent effect on the acidic soil
due to its high pH and ash contentHowever, in the calcareous, alkaline soil, only a shert
term, slight pH decrease was experienced, similarly to the findings of Laghet al. (2015),
who observed 0.9Z0.95 pH unit decrease at 45 t/ha biochar applicatior(Laghari et al.,
2015).
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Figure 36 Changes in the pH during the field study

The biochar application caused different responses in the water holding capacity of the
soils (Figure 37). More prominent effeds were observed in case of the acidic sandy soil,
where after one month the 15 t/ha and 30 t/ha biochar treatments caused a significant
increase compared to the fertilised control, but the highest WHC increase (approx. 30%)
resulted by 15 t/ha BC addition After five months, only the 30 t/ha BC dose showed a
significantly higher WHC (17% increase) compared to the NPK control. By the end of the
study, none of the treatments proved to be significant compared to the acidic C+NPK, but all
biochar treatments increased the WHC. The highest WHC value was at 15 t/ha BC dose with
an 8% increase compared to the NPK control and 14% to the untreated contrdh the
calcareous soil, after one month, similarly to the pH, the WHC had decreased significantly (by
17% compared to the C+NPK) but only at 3 t/ha BC application. After five months, the WHC
had increased by all treatments; the highest value was reached at 30 t/ha BC (9% increase
compared to the calcareous C+NPK). Contrary to these findings, by the end of the stuadly,
the examined treatments decreased significantly the soil WHC £6% compared to the
C+NPK).

The results of the RMANOVAT@ble 20) show that both the soil type and the treatments
have influenced the evolution & the pH and WHC. However, biochar had statistically
different effects in the two examined soils.According to the available data, it could not be
stated that the effect of treatments would be timedependent. On the other hand, the pH was
significantly affected by the following interactive effects: soil type, biochar treatment, and
time.
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Table20 RMANOVA results over time to evaluate the effects of soil type and biochar treatment on the evolution of pH and WHC

Source of .
Source of variation

variation
pH WHC

Soil type 120.97 2977.4 0.000 | Soil type 280.10 306.14 0.000
BC Treatment 1.21 229.70 0.000 | BC Treatment 14.00 15.30 0.000
Soil x Treatment 1.35 33.16 0.000 | Soil x Treatment 12.39 13.55 0.000

1 1
4 4
4 4
Time 2 1.18 34.34 0.000 | Time 2 4.21 4.13 0.028
2 2
8 8
8 8

Time x Soil 1.43 41.48 0.000 | Time x Soil 17.59 17.23  0.000
Time x Treatment 0.06 1.76 0.109 | Time x Treatment 5.28 5.18 0.001
Time x Soil x 0135 3.04 0.001 Time x Soil x

Treatment Treatment .19 3.12 0.013

Contradictory results were reported in the literature considering the effect of biochar
on water holding capacity (WHC) depending on the biochar and soil properties. According
to Barneset al. (2014), biochar addition increased the water holding capacity in coarse
grained soils (Barnes et al., 2014) At the same time, Baimonte et al. (2019) reported
enhancement of the plant available water content as a result of the reduction in the soil bulk
density (Abel et al., 2013; Baiamonte et al., 201$nd the increase in the surface area and
pore size(Laird et al., 2010; Obia et al., 2016) The structure of the biochars could
collapse over time, resulting in larger poresywhich might also improve the water retention
of the soil (Batista et al., 2018) In contrast to these findings, Jeffery et al. (2015) found no
significant effects of biochar application on soil water retention in sandy soil itheir two
separate field experiments(Jeffery et al., 2015)

According to the studies which evidenced increased WHC upon biochar addition, we
observed that the 15 t/ha and30 t/ha biochar amendment to the acidic sandy soil increased
the WHC on the shorterm, similarly to Wang et al. (2019), who reported a short term
enhancing effect of biochar addition in coars¢extured soils (Wang et al., 2019) Although
30 t/ha biochar addition to the calcareous soil significantly increased the WHG@fter five
months, this effect ceased on the long term. At similar biochar application rates as in our
study, Liang et al. (2014) found no significant effects of biochar addition on the WHC of a
calcareous soil(Liang et al., 2014) Several studies reported that soils with gh CaC®
content have low WHQAboukila et al., 2018; Liang et al., 2014)According to Duniway et al.
(2007), when CaC®accumulates in the soil, the ability of the soil to adsorb or to retain water
in the long term may decrease due to cementation by Cagjflugging the soil poregDuniway
et al., 2007) We assumed the occurrence of a similar process in case of the calcareous soil
whereby cementation by CaC&@accumulated in our soil affected not onlyhe soil pores but
also the macropores of biochars influencing on the long term the hydraulic conditions of the
biochar treated calcareous soil.
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(1 AGUGEET OU AO A8 jcmpwq Ai i DAOAA ET A 1 AZ
grain husk and paper fibre sludge biochar on the water retention of silica sand and loam soil.
In contrast to our results, they concluded that biochar addition rates shdd be higher,
corresponding to approx. 80 t/ha in large field applications, in order to significantly increase
the available water content of the amended soils ( 1| AOUé EET OUAcdofdingkd 8 h ¢
6 EOEI OA AO A1 860 j¢cmpxq OAOOI O6h OEA Pl OEOEOA
water content was strongly related to the type of the crop grown. Tarnik (2019) also studied
in field experiments the effect of grain husk and paper fibre sludge biochar on various soil
physico-chemical properties, including soil water content, and found that biochar had a

positive effect on this parameter(Tarnik, 2019; Vitkova et al., 2017)
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Figure 37 Changes in the WHC during the field study

Nutrients can be released from the biochar into the soil at different rate@ukherjee
and Zimmerman, 2013) for which reason biochar can act as a slovelease fertiliser.
According to several studies, the composition of biochars and the biocharediated effects
on the soil nutrient supply vary depending on the feedstck type and the operating
conditions of pyrolysis (K. Y. Chan and Xu, 2009; DelLuca et al., 2012; Jeffery et al., 2015;
Lehmann et al., 2006; Van Zwieten et al., 2010)

Biochar induced different responses in the elemental concerdtions (Table 21) after
30 months. The ammonium acetatdéactate soluble BOs (AL-P20s) content of the acidic soill
ET ACAAOGAA ObI1T All OOAAOQI AT 6O AT i PAOAA O OEA
became significant only after 30 t/ha biochar addition (by 68%). However, no significant
effects were observed in the calcareous soil, but the stimulation wasn average 1@14%.
15 t/ha biochar addition significantly increased (by 33%) the available ammoniunacetate
lactate soluble KO (AL-K20) concentration in the acidic soil compared to its fertilised
control. In contrast, no enhancing effect was detected in the calcareous soil.
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In our study, an obvious positive attribute of biochar addition is its nutrientsupply.
The favourable biocharmediated influences on soil nutrient supply were significantly higher
in the acidic sandy soil than in the calcareous soil after 30 months. The results revealed that
the studied biochar might be a source of organic matterhesphorous, and potassium on the
long-term both for the low-quality acidic sandy and the calcareous soils. The increaseg®
content (significant in the acidic soil) might be attributed to its direct release from biochar
and the enhanced Ravailability asa consequence of pH chang€Xu et al., 2013)

The AL-P.0Gs content was increased as a result of Bteatment in both soils, but this
change was signifiant only in the acidic sandy soil at 30 t/ha BC concentration. The A0s
increment in acidic sandy soil was higher (~65 mg/kg, ~68%) than in calcareous soil (~16
mg/kg, ~14%), which may be attributed to the pH(Kahura et al., 2018)since P availability
is highly pH-dependent. Similarly to these findings, during the shoriterm microcosm
experiment (No. 1, Section5.3.1.7), the highest applied biochar concentration (1.5
w/ w%)caused in the case of the acidisoil 71%, in the case of the calcareous soil 46%
increase. Due to its liming effect, biochar can affect soil pH and thus can modify the
availability of P. The right level of soil acidity may be favourable considering the efficiency of
phosphorous availablity as opposed to higher pH conditiongKahura et al., 2018) Besides,
it was concluded that calcareous soils bind phosphates, making them unavailalfd-Rohily
et al., 2013)

We found that the positive and promising biochaimediated influence on available KO
was also higher in the acidisandy soil than in the calcareous sqikimilarly to the previously
conducted shortterm microcosm experiment (Sectiob.3.1.1). As it was discussed in in
Section 5.3.1.1K-availability is indirectly influenced by biochar addition through the
alteration of various other soil parameters (pH, CEC etcWhile the significant increase was
observed in acidic sandy soil at 15 t/ha biochar treatment, in calcareous soil biochar had
little effect on plant-available Al-K2/ AT T OAT Oh OEI E1 AOi U O1T , AT O
(2012) (Lentz and Ippolito, 2012). The lower level of AL:K20 in the calcareous soil (Moit
Umbrisol) in our research may be linked to the high calcium content, which can lead to
potassium leaching(Han et al., 2019)

The initial organic matter (OM) content of the calcareous sandy soil was by 44% higher
than of the acidic sandy soil, as such biochar application did not resuitany significantlong-
term improvement in its OM contentlInterestingly in the short-term microcosm expe&iment,
14ML8% significant increases were observed upon BC addition in the case of calcareous soil.
Conversely,during the field experiment 15 t/ha and 30 t/ha biochar addition increased the
OM content of the acidic sandy soil by 20% and 32%, respectivebgmpared to the acidic
OTEI 60 ZEAOOEI EOCAA AT 1060718 30A0OOCAAOET C OEA 1/ -
content of the biochar amended acidic soll, there was no significant difference.
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However, the OM content of the treated calcareous ssiafter subtraction of the biochar
OM content was lower (0.93£0.02% OM at 8ha, 0.991+0.13% OM at 1%/ha and
0.80£0.08% OM at 3@/ha BC) compared to the fertilised control (1.10+0.04% OM), this
effect was significant at 30 t/ha biochar application. In prallel to the OM content, the loss
on ignition (Lol) of the acidic soil increased with incremental biochar doses in all of the
biochar treated plots, owing to the high carbon content of the biochar itself as shown in Table
2. 30 t/ha biochar addition signficantly increased the Lol of the acidic soil 1.6 times
compared to its C+NPK. The calcareous soil had a higher initial loss on ignition than the acidic
soil; therefore, biochar application had an only slighter effect on its Lol. 30 t/ha biochar in
the cdcareous soil resulted in approx. 14% increase in Lol compared to the fertilised control.

10 EO xAO DPOAOGET 601l U AAOAOEAAA ET OEA 1 EOAC
organic matter (OM)and loss on ignition values(DelLuca et al., 2012Liang et al., 2010)
Similarly to these outcomes, we also measured remarkable changes in the OM values of the
AET AEAO Ai AT AAA OTEI O Aii DPAOAA O1 OEA Ai1 00711
study, we found in the acidic soil an increasing treshin the OM content proportional to the
biochar addition (Demeyer et al., 2001)

The differences in the OM between the two studied soils could be aktuted not only
to their initial properties but also to the positive and negative priming effect. Subtracting the
carbon content of the biochar added into the soil from the measured total carbon content
showed no difference compared to C + NPK between th&char treated and nontreated
parcels in the acidic soil, indicating no priming. While in the calcareous soil, the inherent
carbon content of the soil decreased in proportion to the concentration of the biochar,
suggesting positive priming. Sludge deried biochars tend to cause positive priming due to
their higher labile carbon content, and according to the study of McBeath and Smernik
(2009), a relatively low proportion of stable aromatic Gpool compared to other feedstocks
(McBeath and Smernik, 2009) Because the studied calcareous soil had a higher content of
SOC (soil organic carbon) compared to the acidic soil, the high rate of unstable carbon
fraction introduced into the soil by biochar treatment may have triggered canineralisation
processes due to stimulating microbial activities(Ding et al., 2018) The process may be
catalysed by the cementing ééct of CaC®to form aggregates, which provide an adhesion
surface for the microbes involved in the mineralisation processes. The acidic sandy sail
featured relatively low SOM therefore, biochar addition did not interfere significantly with
its mineralisation.

Biochar had a different impact on the NN and NGQ-N concentration of the sails. In
the acidic solil, biochar addition decreased the Ni-N concentrations significantly on average
by 32234% and the NG-N concentrations by 4Z55% (but this effect was not significant). In
the case of calcareous soil, neither the NHN nor the NQ-N concentration changed
significantly upon biochar treatment.
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In the calcareous soil, biochar addition had only a slight effect on the DNHNI
concentration, but it resultedin a higher (but not significant) NQ-N concentration than in
the fertilised control (15 t/ha BC addition resulted in 52% increase). According to our
results, the biochar addition had not induced any significant effects in total nitrogen content
but had vaying impacts on the NH-N and the N@-N concentration of the different soils,
which was in line with the results of previous studiegXu et al., 2013) However, the impact
of the grain husk and paper fibre sludge biochar on nitrogen cycling in acidic and calcareous
soil has not been studied in detail, several hypotheses are proposed for NN and the NG-

N decrease in this soil.

Decrease of N&HN in acidc sandy soil can be associated with the higher nitrification
activity; alkaline biochar might provide a more favourable environment for nitrifying
organisms (Xu et al., 2014) The decreased NON might be linked to increased metabat
activity. It has been demonstrated that increased metabolic activity due to the higher
AOGAET AAT A AAOATT AAT 1T AAA OF AARAAOAAOAA 1T @UCAI
The other reason for the lower N@N can be the adsorption of N® (Clough et al., 2013; van
Zwieten et al., 2010) A significant decrease of NHN in acidic sandy soil can also be
associated with the adsorption of NE-N linked to the increased CEQClough et al., 2013;
Shin et al., 2018)The C/N ratio was significantly enhanced upon 15 and 30 t/ha BC addition
in acidic sandy soil, 8%, and 29% increase, respectively. In the case of calcareous soil, only
the fertilised control demonstrated a significant difference (1318% increase) compared to
other samples.

Cation exchange capacity (CEC) increased with biochar addition in both sgnsbils.
The highest increase was found at 15 and 30 t/ha BC in the acidic sandy soil (~34%), and at
15 t/ha BC in the calcareous soil (~23%). The increase of CEC upon 15 and 30 t/ha biochar
addition was significant in the calcareous soil.During biochar gplication as a soil
amendment, its large surface area and functional groups result in increased CE€hmann
et al.,, 2003) As biochar addition increases the ptdependent charge of soil, it could
contribute to higher CEC values in treatedsoils as reported by Gul et al. (2015). The
enhanced CEC enables the nutrients or the applied fertilisers to be adsorbed onto the surface
area of the soil particles and thereby be used more efficient()Xu et al., 2013)
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Table 21 Effect of treatments on soil NREupply, organic matter content, ash content and cation exchange capacity after 30 months

AL - K20 SUM N

Treatments
[mg/kg] [mg/kg]

NHa-N
[mg/kg]

NOz-N
[mg/kg]

Organic
matter
[wiwos]

OM corr.
BCG [w/iw%]

Lol [%]

66.4+9.4 (*) 75.2+13.0 (*) 46122

95.3+£3.8 121.7+132 461+25
102.2+5.9 120.1+10.4 496161
107.7£245 @ 161.4+#8.6 (*) 50820
159.9+4.7(*)  134.8+21.3 508+20
84.5+16.0(*) 55.4+5.3 668+41
114.0+10.2 71.1£12.7 686+77
114.3+8.9 61.4+5.8 674161
125.6+19.0 67.8+£8.6 756+20

130.2+6.5 66.1+1.7 73341

aOM content of the soil after subtraction of biochar OM

2.51+0.39

2.90+0.21

1.91+0.07

1.93+0.03

1.97+0.08

1.88+0.30

2.15+0.27

2.36+0.04

2.15+0.34

2.36+0.43

21.4+10.8
36.416.2
16.5+4.4
21.3+25
18.7+#3.1
3.3+0.9
3.9+1.7
4.9+0.8
6.0+1.0

4.9+0.1

129

0.65+0.05
0.67+0.08
0.710.05
0.80+0.02

0.89+0.03(*)

0.94+0.07(*)
1.10£0.04
0.96+0.02
1.1240.13

1.08+0.08

0.65+0.05
0.67+0.08
0.68+0.05
0.67+0.02
0.61+0.03

0.94+0.07(*)
1.10£0.04
0.93+0.02
0.99:0.13

0.80+0.08(*)

13.0£1.7
13.6+1.1
13.2+0.7
17.2+1.8(%)
17.5+0.2(*)
14.1+1.6
16.741.7
14.4+1.6
14.8+1.4

14.7+0.5

1.33+0.10
1.55+0.20
1.41+0.14
1.91+0.12
2.46x0.27(*)
1.88+0.21
1.98+0.11
1.95+0.03
2.01+0.10

2.26+0.22

3.240.1
3.240.1
3.9:0.3
43+0.1
4.3+0.2
7.5£0.3
7.520.5
8.520.4

9.2+0.3(*)

8.9+1.5(*)



5.4.2.Influence of teatments orthe biological activity of theoik

It has been widely stated that biochar influences the soil microbial activity and
community structure, changes the soil bacteria to fungi ratio and soil enzyme activifianza
et al., 2015; Mitchellet al., 2015; Rutigliano et al., 2014; Zhu et al., 201 #oreover in the
previous stages of the technology development, we also experienced alterations in the
bacterial and fungal cell concentrations as wek as in the microbial substrate utilization
patterns.

The aerobic heterotrophic bacterial and fungal cell concentrationsT@able 22) did not
show any alteration upon biochar treatment on the short term (1 month) in neither the acidic
nor the calcareous soil. Byhe 5" month, the bacterial cell concentration of the acidic sandy
soil increased. The highest enhancement compared to the control was achieved by BC 3 t/ha
and BC 15 t/ha, reaching 54% and 41%, respectively. Other authors have also found short
term non-significant stimulating effects of low biochar doses on bacteria CFU of various soils
(Graber et al., 2010; Manickam et al., 2015)fter 30 months, the bacterial cell concentration
increase rate had slowed downhowever, the 30 t/ha BC treatment still had the stimulating
AEmAADG T £ vuvbkp AT I DA ®AdatroDih thecEsk of hd daléaFedus oil, thd & O
bacterial cell concentrations did not increase significantly throughout the experiment

Biochar properties, addition rate, ageing and soil type may have considerable influence
on microbial abundance and tersity in biochar-amended soils(Abujabhah et al., 2018; Gul
etal.,2015)x EEAE | AU Agpbl AET EOO 111¢ OAOI AT EAT AE
CFU in our study. Furthermore, Jeffery et al. (2011) highlighted that the beneficial effecis
biochar-soil interaction are more prominent in nutrient-poor, acidic, coarse, or medium
textured soils (Jeffery et al., 2Q1). The positive effects of biochar addition might be
attributed to its ability to alter soil factors that control soil biological activity, such as liming
effect on acidic soil(Van Zwieten et al., 2010) improving soil water holding capacity amwl
retention of essential nutrients (Liang et al., 2010)

In respect of the fungal cell concentration, biochar additiona the acidic soil had the
most prominent effect after 5 months, especially at 15 t/ha dose (326% increase compared
to the NPK control), but this stimulating effect ceased by the end of the field study. Similarly,
in the case of the calcareous soil, the Higst fungal cell concentrations were measured after
5 months, but none of these effects &re significant compared to the fertilised control
(30 t/ha biochar addition caused approx. 50% mcrease compared to the C+NBK This
declining trend over time could ke explained by the different responses of the microbial
community of fungi and bacteria to biochafinduced changes, which may result in an
alteration of the overall microbial community structure (Rousk et al., 2009; Zhang et al.,
2015; Zhu et al., 2017)Some studiegChenet al., 2013; Lehmann et al., 201 Bttributed the
contrasting effects of biochar on bacteria and fungi to the high level of mineral elements and
the organic compounds of biochar and the increase in soil pH.
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Hale et al. (2015) suggested that biochaamended soils favoured the growth of Gram
negative bacteria(Hale et al., 2015) and this was rehted to the pH of biochar

However, some studies did not result in higher microbial biomass in biocheamended
soils (Rutigliano et al., 2014)or found no effect of biochars produced at high temperatures
(600 °C) (Luo et al., 2013) but rather negative influence on microbial biomass, especially in
coarsetextured soils (Dempster et al., 2012) Adverse effects could be explained by the
retained water and nutrients from the soil solution in the micro- and mesopores (<50 nm)
of biochar so that they could not be accessed by the microorganisms and remained nutrient

impoverished for a period of time(Gul et al, 2015).
Table22 Changes in cell concentration during the field study

Bacteria CFU Fungi CFU

1.3E+06 2.3E+06 1.7E+06 4.6E+05 = 1.2E+06 4.0E+05
1.4E+06 2.4E+06 1.8E+06 | 8.0E+05 8.9E+05  8.1E+05
1.5E+06 3.7E+06 2.2E+06 1.0E+05 2.1E+06 3.8E+05
1.7E+06  3.4E+06 2.2E+06 1.9E+05 2.9E+06  3.4E+05
7.0E+05 1.7E+06 2.8E+06 4.8E+05 = 1.2E+06 6.0E+05

4.2E406 = 8.1E+06 6.3E+06 2.3E+06 @ 2.3E+06 5.9E+05
4.5E+06 @ 6.6E+06 1.1E+07 1.5E+06  3.3E+06 1.8E+06
4.3E+06 = 6.5E+06 5.7E+06 4.1E+05 4.3E+06 8.1E+05
3.9E+06 8.0E+06 4.0E+06 (*)| 7.5E+05 3.4E+06 8.1E+05
4.1E+06 = 4.9E+06 7.4E+06 9.8E+05 4.9E+06 7.7E+05

Examining the effects of the factors by RMANOVAdble 23), it can be seen that only
the soil type had a significant effect orthe evolution of cell numbers meaning that the
biochar treatments had no significant longterm effect on the microbial cell concentrations.
In the case of the fungi number, the sampling time interacted with the effect of biochar

treatments (and soil type as well).
Table23 RMANOVA resudtover time to evaluate the effects of soil type and biochar treatment on the bacteria and fungi CFU

Source of variation d.f. Mean F P- Source of variation d.f. Mean F
Square ratio value Square ratio

Bacterial CFU Fungi CFU

Soil type 1 2.69E+14 71.37 0.000 | Soil type 1 2.30E+13 32.81 0.000
BC Treatment 4 3.73E+12 0.99 0.442 | BC Treatment 4 8.26E+11 1.18 0.363
Soil x Treatment 4 6.18E+12 1.64 0.216 | Soil x Treatment 4 7.40E+11 1.05 0.415
Time 2 3.41E+13 9.99 0.000 | Time 2 2.99E+13 87.81 0.000
Time x Soil 2 8.61E+12 252 0.097 | Time x Sail 2 4.26E+12 12.46 0.000
Time x Treatment 8 5.69E+12 1.67 0.147 | Time x Treatment 8 1.36E+12 3.99 0.003
Time x Soil x 8§ 594E+12 174 0129 | |ImexSoilx 8 9.21E+11 269 0.025
Treatment Treatment
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Based onthe RMANOVA results, biochar treatments had a significant effect on all three
parameters calculated fromthe ET 1 T C*  uaslltdH(AWEDAS\bstrate Richness and
Shannonrindex) (Table 24), meaning that the biochatreatments had a longterm effect on
the activity and substrate utilization capacity as well as the diversity of the microbial
community.

The substrate number was not influenced by the soil type, however, just the opposite
could be stated for the othertwo calculated parameters. Repeatetheasures ANOVA
indicated highly significant time x soil type x biochar treatment x interactions terms for both
AWCD and Substrate Richness. The substrate number was significantly influenced by the
sampling times, and theeffect of BC treatments was different at the investigated time points.
The same can be said about the AWCD, but not the Shannon diversity, where the effect of
treatments was not significantly different at the different sampling times.

Table24 RMANOVA results over time to evaluate the effects of soil type and biochar treatment on the parameters calculated
from the Biolo¢® EcoPlatd results (AWCD, Substrate Richness and Shannon diversity index).

Source of variation d.f. Mean Fratio p-value
Square
AWCD
Soil type 1 0.11 13.20 0.003
BC Treatment 4 0.27 33.36 0.000
Soil x Treatment 4 0.08 9.79 0.001
Time 1 0.10 21.84 0.000
Time x Soil 1 0.44 95.78 0.000
Time x Treatment 4 0.08 17.50 0.000
Time x Soil x Treatment 4 0.03 6.80 0.003
Substrate Richness
Soil type 1 1.24 0.20 0.659
BC Treatment 4 113.29 18.54 0.000
Soil x Treatment 4 34.87 5.71 0.004
Time 1 13.01 4.18 0.058
Time x Soil 1 84.69 27.24 0.000
Time x Treatment 4 31.50 10.13 0.000
Time x Soil x Treatment 4 24.63 7.92 0.001
Shannon diversity
Soil type 1 0.03 4.87 0.041
BC Treatment 4 0.14 22.90 0.000
Soil x Treatment 4 0.02 4.21 0.015
Time 1 0.00 0.27 0.612
Time x Soil 1 0.10 16.99 0.001
Time x Treatment 4 0.02 2.88 0.054
Time x Soil x Treatment 4 0.00 0.44 0.777

All the BIOLOG® EcoPlatéd-related parameters showed similar tendencies Kigure
38.ac), where the difference between the two sandy soils was reflected in the results. The
test examines the microbi&capability in using different carbon sources.
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After 1 month all BC treatments in the acidic sandy soil, namely 3 t/ha BC, 15 t/ha BC
and 30 t/ha BC resulted in a significant increase in the Average Well Colour Development
(AWCD, Figure 38.a) (88%, 149% and 164%, respectively compared to their fertilised
control). However, by the end of the study, only the 30 t/ha BC treatments exhibited a
significant increase, 55% compared to the acidic C+NPK. Conversely, in taécareous sail,
the lowest biochar concentration showed the highest increase in the AWCD compared to the
calcareous C+NPK (by 45%) already after one month. By the end of the study, none of the BC
treatments had any significant effect on the AWCD in thelcareous soil Figure 38.a).

The tendencies were similar to the AWCD in respetb the changes of the Substrate
Richness throughout the experiment Figure 38.b). At the stat, all biochar treatments
caused a significant increase in the acidic sandy soil compared to the controls (30 t/ha BC
resulted in 148% increase compared to the C+NPK). By the end of the study, this stimulating
effect decreased (30 t/ha BC application restéd in only 48% increase). In the calcareous
soil, the lowest biochar dose had the highest enhancing effect (3 t/ha BC caused approx. 28%
enhancement compared to the C+NPK (1 month) on the short term, but by the end of the
study, the 30 t/ha BC had the higest impact (22% increase compared to the C+NPK). In the
case of the calcareous soil, there were no significant differences compared to the calcareous
C+NPK throughout the experiment.

As a summary it can be stated, that in the acidic sandy soil, at 15 &fand 30 t/ha BC
doses significantly higher microbial activity was observed as indicated by the AWCD and
Substrate Richness (SR). The proportional increase with the added biochar concentration
was still observable after 30 months, but not as strong as afté month.

There was a shortterm increase in the AWCD and the Substrate Richness values of the
calcareous soil at 3 t/ha and 15 t/ha BC treatment, however, these values were lower than
in the acidic soll. It is also notable that opposed to the acidic ifathese increased values in
the case of calcareous soil wer maintained on the long term.The possible cementation
process by CaCg@in the calcareous soil could affect not only the hydraulic properties by
plugging the pores of both the biochar and the siobut might also hinder the access of the
soil living microorganisms to colonise the micropores and use them as refuge against
environmental stress and predatorgDuniway et al., 2007) The diverse microbial responses
in the two studied soils could be derived from their different properties (such as pH, OM and
carbonate content) and the biochaiinduced changes in their physicechemical properties.
Interestingly in the case of the shortterm microcosm experiment (Section5.3.1.2), after 2
weeks, signficant increases were observeaot only in the case of the acidic soil but also the
calcareous soil, probably due to the rapidtilization of the added nutrients from the biochar
itself.
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After 1 month, the highest Hindexes (the highest diversity values) Figure 38.c) were
detected in the 15 t/ha, and 30 t/ha BC treated acidic soil santgs, with approx. 8% increase
compared to the fertilised control. By the end of the study, the microbial diversity of all of
the soils slightly dropped, but the 15 t/ha and 30 t/ha BC treatments still resulted
enhancement in the acidic sandy soil, compared the fertilised control.

In contrast, in the calcareous soil, only the 15 t/ha BC treatment caused a significant
increase (Z4%) in the H-indexes, which was maintained throughout the experiment. These
long-term enhancementsillustrate the positive indirect effect of longterm pH increase and
higher available ROs on the soil microbiological characteristics.
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Figure 38 Changes in the biological activity indexes during the field study: (a) Average Well Colour Develo&&@D) (b)
Substrate Number (c) and Shannon diversity index from Bielog® %A T 0 1 testO(d)' Respiration Intensity from the
Substrate Induces Respiration measurement.

The respiration intensity of the soils Figure 38.d) showed an observable difference
between the two sites by the 3@ month, nevertheless compared to the untreated control,
the acidic sandy soil had a higher respiration activity than the calcareous. The NPK treatment
alone did not result in signficant differences compared to the untreated control.
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However, in the 15 t/ha and 30 t/ha biochar treated acidic soils, the respiration
intensity increased significantly with 91% and 76%, respectively, compared to its fertilised
control. In the calcareos soil, none of the applied biochar doses showed a significant effect
on soil respiration intensity. It is notable that the 30 t/ha BC addition rate to the calcareous
soil caused only 26% nossignificant increase compared to the C+NPK, suggesting that
biochar addition only at higher concentrations (>30 t/ha) was more efficient in calcareous
soils. Similar tendencies were found by Khadem and Raiesi (2017), who observed more
pronounced respiration at 30 t/ha than at 15 t/ha biochar addition to sandy soilfKhadem
and Raiesi, 2017)

5.4.3. Environmental implications: impact of #eents on soil ecotoxicity and soil
habitat function

Numerous studies demonstrated the importance of ecotoxicological criteria in
characterising the complex effects of biochar on sofDomene et al., 2007X. Domene et al.,
2015; Molnar et al., 2016; Tammeorg et al., 2016; Yang et al., 201R)rthermore, ecotoxicity
testing is of paramount importance due to changes during the aging process. Biochar often
contains polycyclic aromatic hydrocarbons (PAHs) andeavy metals (HMs), which are
strongly bound with biochars and may not pose adverse effects on living organisms.
However, both PAHs and HMs in biochars may be released as a consequence of the ageing;
therefore, the environmental risk during the biochars atire lifetime should be carefully
evaluated(Duanetal.c mp whn /1 AOUAUOE AT A +71¢01 xOEEh c¢mpuyl

We found that biochar addition to the acidic soil had no toxic effect on tH&inapis alba
root elongation (Figure 39.a) neither on the short or the longterm, moreover a slight
enhancement was observed throughout the experiment (on averagez20% in various
cases). The enhancement observed after 1 and 5 months ¢BI1% compared to the NPK
control) ceased by the end of the study except for the 15 t/ha BC &ment resulting 7.5%
stimulation, while the 3 t/ha and 30 t/ha BC doses slightly (< 9%), nossignificantly inhibited
root growth. Similarly, biochar addition had no toxic effect on the white mustard root
elongation (Figure 39.a) in the calcareous soil on the short term (1 month and 5 months),
furthermore, after 30 months a slight stimulation was observed incrementally with the
biochar concentration (on average 3%26%). The RMANOVA analysis supported our
observationsregarding biochar toxicity: the treatments did not influence the elongation of
the mustard root significantly; however, the effect of treatments differed significantly in
time. On the other hand, the treatments had a significant effect on the mustard shawid this
effect varied with soil type (Table 25) meaning that the biochar had a different effect on the
growth of the seedlings in the two examined soils.
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A nonssignificant inhibition occurred at 3 t/ha and 15 tha BC addition to the acidic
sandy soil (17% and 3% respectively, compared to their C+NPKFigure 39.b) after 1 month,
but this effect did not last. Shoot elongation was slightly stimulated in time with incrementa
biochar doses (30 t/ha BC resultedl5% and 21% increase by the 8 and the 30" months,
respectively, compared to the acidic C+NPK).

In general, both of the elongations of the mustard root and shoot are statistically
different in the acidic and calcareus soil (Table 25).
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Figure 39 Changes in the white mustarg Sinapis alba root (a), shoot (b) elongation in the microcosm experiment No. 1.

Table25 RMANOVA rests over time to evaluate the effects of soil type and biochar treatment on the white mustard root and
shoot elongation.

Source of variation d.f. Mean F Source of variation d.f. Mean F

Square  ratio Square  ratio
Mustard root elongation Mustard shoot elongation
Soil type 1 408.29 66.4  0.000 | Soil type 1 20.66 5.25 0.039
BC Treatment 4 18.31 3.00 0.054 | BC Treatment 4 17.72 450 0.017
Soil x Treatment 4 10.08 1.64 0.216 | Soil x Treatment 4 14.42 3.66 0.033
Time 2 33.26 10.12 0.000 | Time 2 161.24 28.77 0.000
Time x Soil 2 87.48 26.63 0.000 | Time x Sail 2 58.65 10.47 0.000
Time x Treatment 8 11.11 3.38 0.007 | Time x Treatment 8 4.24 0.76  0.643
Time x Soil x § 798 243 0037 | mexSoilx 8 602 107 0411
Treatment Treatment

Based onthe results it can be stated, that in our study at fieldcale, the results of the
Sinapis albaroot and shoot elongation test indicated that in the biochar treated acidic sandy
soil the conditions for root and shoot elongation were good fo. alba no nhibition was
observed compared to the control Figure 39). The plant test in the biochar treated
calcareous soil did not show any adverse effects either on the white mustard growth;
conversely, the living conditiors were rather better than in the control soil. There are
conflicting results in the literature regarding the effect of biochar on plant growth.
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Biochars may increase or decrease plant growth, depending on the biochar type, rate
of application, soil or phant type (Oleszczuk et al., 2013; Solaiman et al., 2012, 2010; Van
Zwieten et al., 2010) Several researchers invdagated the biochar parameters, particularly
pyrolysis temperature, influencing the toxicity to plants(Bargmann et al., 2014; Hagner et
al., 2016) They found that biochars producedt low temperature (~300°C) had a negative
effect on plant growth, while the hightemperature biochars were not toxic, as also
confirmed by our results. The slight beneficial effects on plant growth demonstrated in our
study could be attributed to the indrect effect of biochar as a response to the increased pH,
nutrient -supply and water holding capacity.

The Enchytraeus albidusivoidance test showed that the test animals in the acidic sandy
soil always preferred (significantly) the biochar treated side aginst the control (Figure 40
andFigure41). 83% of the testanimals chose the BC treated soils upon 30 t/ha BC treatment
compared to C+NPK. In the 3 t/h&C and the 30 t/haBC treatment pairs, 79% of the animals
migrated to the side containing the higher biochar concentration. Based on the results, we
concluded that the biochar treated soils offer a more liveable habitat for potworm. For the
calcareous soil, no significant peference was detected; however, the pairing of the 3 t/ha
and the 30 t/ha biochar treated soils showed similar results to the acidic soil: 63% of the
animals chose the higher biochar concentration against the lower onélo significant
preference indicatesthat the biochar-treated and control calcareous soil presented a similar
environment (habitat) for soil living animals.

ACIDIC
mBC3t/ha m C+NPK mBC 15t/ha C+NPK mBC30t/ha C+NPK C mC+NPK BC3t/ha mBC30t/ha
17%
21% 27% 30%
B83%
CALCAREOUS

mBC3t/ha C+NPK mBC15t/ha C+NPK mBC30t/ha C+NPK C mC+NPK BC3t/ha mBC30t/ha

- ) B 5 b 447%

Figure 40 Distribution of Enchytraeus albidus between the two sides of the Petri dish at ther@0nth samping. Data
represent averages of three replicates.

The ANOVA analysis of the dataset showed that the effect of treatment was significant
in the case of theacidic soil (p<<0.05) but not the calcareous so{ip>>0.05).
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Soil living animals as test organism$or assessing the quality of soils and the habitat
function are of paramount importance. Enchytraeids have been used as test organisms in
ecotoxicological research for assessing the effects of pesticides, heavy metals, or other soil
contaminants (Didden and Rombke, 2001; Dodard et al., 2003; Kuperman et al., 20@6)d
wastes (e.g. red mud), applied as potential soil amendments. Several researchers have
reported that organic matter content(Amorim et al., 2008; Delgadillo et al., 2017; Natdba
Luz et al.,, 2008) pH (Amorim et al., 2008; Chelinho et al., 201])electrical conductivity
(Delgadillo et al., 2017; Owojori and Reinecke, 200@nd texture (Amorim et al., 2008; Natal
DaLuz et al., 2008 may influence the avoidance response of earthworms.

Based on our results, the outstanding effects on potworm preference could be the
consequence of the biochamediated positive changes in acidic sandy soil, such as increased
pH, OM and WHC.
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Figure 41 Enchytraeus albidus soil preference at thet®@onth sampling. Data represent averages of three replicates.
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5.4.4.Overall evaluation and conclusion of the field staxg comparison with the
microcosm experiments

In this field study z based on the results of our previous lalscale microcosm
experiments - we aimed at improving degraded soils focusing on two different soil types
(acidic sandz Lamellic Arenosol and calcareous sangiMollic Umbrisol) applying biochar.

Based on boththe results of the shortterm microcosm experiment and the field study,
the biocharmediated influences on soil properties were different in theéwo examinedsoils,
proving that the effects of biochars must be verified for different soil typesThe previously
screened and selected as the best performing grain husk and paper sludge biochar induced
positive effects on the physicechemical and biological properties of the studied acidic sandy
soil and ensured favourable conditions to plants, bacteria, and $diving animals on the long
term at field scale particularly at 30 t/ha biochar application. The effect of biochar in various
soils was dependent mainly on the soil pH, organic matter, and carbonate content.

However, field experiments often show contrashg effects to the shortterm laboratory
studies. This longterm field study yielded numerous positive results involving direct and
indirect beneficial effects over time. The alkaline pH, as well as the relatively high ©&hd
nutrient (P and K) content ard BET surface area of the applied biochar, made it a good
ameliorant for acidic sandy soil. The longerm favourable effects (2.5 years) of the grain
husk and paper fibre biochar on the soil physiceahemical and biological properties
demonstrated the effigent applicability of this product to acidic sandy soils in a temperate
region. The beneficial effectsof the discussed biocharon the nutrient supply (OM, P, K
content) and biological activity that were visible in the shortterm (Section 5.3.1) and the
mid-term microcosm study(Section5.3.2) were reflected and roved in also the field study.
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6. General onclusions

Before reliable and efficient use of biochar products as soil amendment, the
appropriate parameters and conditions of application must be established. Which biochar
could be applied to a certain soil? What is the suitable biochar dose in terms of technological
efficiency and costeffectiveness? Could the shoiterm positive effects be jusified on the
long term? Would there be any adverse effects on the respective soil ecosystem associated
with the use of a specific biochar?

In the course of my PhD research, | aimed to establish a soil improvement technology
applying biochars and to answethese questions with the above issues in mind.

To date, the information regarding the longterm effects of biochar on different
degraded sandy soils monitored by a complex methodology and in field studies is quite
limited. Laboratory scale studies assesng the shortterm effects on soilphysico-chemical
properties and productivity are best represented in the literature. Results of these short
term studies have demonstrated that the influence of biochars on different soil properties
ranges widely from negative to highly positive. Besides, the systematic scaig testing of
the biochar effectsis scarce.

The main topic of this PhD thesis is the characterization and evaluation of the effects of
biochar on the quality of degraded sandy soils from laboratory to field application with
emphasis onacomplex assessment of the lorterm effects. The specific aim of this research
was the application and verification of a complex monitoring toolkit to determine, evaluate
and compare the short and longerm effecs of biochars, particularly the grain husk and
paper sludge biochar on thghysico-chemical properties and the microbial activity, as well
as on the soil biota of sandy soils.

The scaleup experimental plan of our study started with the laboratory screemg of
various biochar products fora selection of the most effective biochar types. According to the
screeningscoring methodology in the first phase of the scalap technology development,
many of the examined biochars featured high scores, which jusgfil their applicability for
acidic sandy soil amelioration. Among them, the grain husk and fibre sludge biochar product
was ranked first, because it exhibited an outstanding score both frothe technological and
environmental efficiency point of view.

The screeningranking phase was followed by shorterm and mid-term microcosm
experiments aiming to assess the effects of biochars on soils and to recommend the most
efficient treatments for the field application. In these experimentswe involved not only the
biochar scored as the best but also additional biochars for comparative assessment and
verification of the reliability of the developed multicriteria scoring system.

The short- and mid-term microcosm studies with the selected biochars have indicated
that the biochar-soil interactions positively affected both the physicechemical properties of
the tested acidic and calcareous sandy soil and the soil biota (Farkas et al., 2018; Molnar et
al., 2016).

140



The results of the microcosm experiment confirmed the ggicability of our
multicriteria decision system, as the efficiency of grain husk and paper fibre sluddemsed
biochar applied at 1% concentration exceeded the efficiency of the other biochar products
both in the short and the long term experiments.

The final step of the technology development was the field demonstration difie effect
of grain husk and paper fibre sludgebased biochar The results of the applied complex
monitoring methodology had confirmed the favourable longterm effects of the selected
biochar in the studied acidic sandy soil also dteld scale. The changes in biochar properties
during the ageing process did not induce any negative effects.

Nevertheless, in the field study, the biochamediated changes on the characteristics of
the soils appeared to be a function of soil type, biochar application rate and extent of time.
The treatment with 15z30 t/ha grain husk and paper fibre sludge biochar at field scale
significantly improved the soil physicechemical parameters (pH, WHC, OM, avail@d- and
K-content). Moreover, it resulted in enhanced microbial activity and diversity after 2.5 years
in acidic sandy soil, as well as ensured an excellent, more liveable habitat for plants and soil
living animals than the untreated acidic sandy soil.

The efficiency of biochar application in various soils may be highly different and
diverse depending on the biochar feedstock, production methods as well as soil and
environmental parameters. Therefore, the generalization of the consequences is not
recommended; matching the biochar products to the specific soils should be a critical step
for their reliable and effective application. Although the results of the field experiments are
usually influenced also by additional factors such as climate, agrotechnicaractices,
fertiliser application, which can alter soil properties too, the field studies are essential. The
multi -stage approach applied in this PhD research, including lortgrm field demonstration
and employing a complex monitoring methodology, is uiue.

Such a comparison between laboratory and field results will help to prove and verify
the field applicability of a biochar product and to evaluate the consistency between the
controlled lab-scale versus fieldscale studies, as well as to understand ¢henvironmental
factors controlling biochar-induced changes.
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7. New scientificesults- Thesis points

1. A Multi Criteria Decision Support System (MCDSS) was developed for the
characterization, ranking and selection of biochar products aiming their efficienand
risk-based application for soil improvement (V)

a. | developed a classification system for the selection and ranking of biochars suitable
for the improvement of acidic and calcareous sandy soils both from technological and
environmental point of view, applying a banded and weighted rating scoring system.

b. | have revealed that the multicriteria evaluation system could be flexibly adapted for
the selection of biochars to different soil problems(V)

c. The reliability and applicability of the developed multicriteria scoring system was
verified both in microcosm experiments and at fieldscale.(V)

2. | proved, based on the results of the laboratory microcosm experiments prior to the field
study that the applicability of different biochars should be investigated anévaluated on
acaseby-AAOA T O OAEAO AU AEAOO6 AAOGB@AILDBI 11T xET C

3. Based on the results of field experiments, | have demonstrated that biochar produced
from grain husk and paper fibre sludge is suitable for improving thehysico-chemical
and biological properties of acidic sandy soils in a temperate region (in Eastern Hungary)
at atreatment ratio of 30 t/ha. (1)

a. | proved that the applied biochar significantly increased the pH and water holding
capacity of acidic sandy sibnot only in the short term but also after 2.5 years(l)

b. | found that the applied biochar was suitable for the longerm increase of the organic
matter content, available potassium and phosphorus content of acidic sandy soil, and
maybe suitable for redwcing the dose and increasing the efficiency of fertilizatior{l)

c. | proved that the applied biochar effectively increased the microbial activity of acidic
sandy soil not only in the short term but also after 2.5 years based on the parameters
determined by the BIOLOG %AT 01 AOAA | EAOI AEAI OOAOO0AOD
[average well colour development value (AWCD), substrate richness, Shannon

diversity]. (I)

d. |found that 30 t/ha grain husk and paper fibre sludgebased biochar did not have any
adverse effect onthe tested plant and animal test organismsSinapis alba Triticum
aestivum Folsomia candidaand Enchytracheus albidus so its use was also reliable in
terms of environmental efficiency.(l)
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e. | revealed that theEnchytraeus albidusoil preference testwas a reliable method for
determining the quality of the soils in terms of soil habitat function of biochar amended
soils. The test animals (potworms) in the acidic sandy soil always preferred
significantly the biochar treated soil against the control; cowersely, in the calcareous
soil, no significant preference was detected as a result of biochar additig(h)

4. | demonstrated that the effect of a certain biochar treatment in the two different soils
(acidic sandy soil and calcareous neutral sandy soil) wadifferent due to the various

physico-chemicaland biological propertiesof the soils. ()
a. Based on the applied complex technology monitoring, | demonstrated that biochar
from grain husk and paper fibre sludge was more efficient in improving the properties
of acidic sandy soils than of calcareous neutral sandy soil$).(
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9. Supplementarynaterial
9.1. Summary oéxperimental setip and applied methodology

Table 26 Methods appliedn the different phases of the technology development
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9.2. Applied methodology
9.2.1. Physicechemical analysis

9.2.1.1. pH

The pH of the samples was measured according to the Hungarian Stand&f 21470
2:1981. In case of the biochar sampke (during the screening phase) 1:10, in case of soil
samples 1:2.5 sample:distilled water ratio was applied. After the samples were shaken for
30 min (200 rpm), the pH was determined with a WTW pH 330 pH meter immersed into the
suspension. Before the measements, the pH meter was calibrated with buffer solutions of
pH 4.01 and 7.00.

9.2.1.2. Water holding capacity

Water Holding Capacity (WHC) is a prominent feature of the soil from a physiological
and thus agronomic point of view It is a characteristic parameter of its water management
properties. By definition, WHC is the amount of water that a soil sample can absorb or retain
under given conditions. Since this property depends on the texture (particle size
distribution), pore size distribution, organic matter content of the sample it can be used to
determine the water management characteristis to deduce the productivity of the studied
soil.

WHC (water holding capacity) was measured as described by Ohlinger (1995).M5%

g of samples were weighed into plastiauibes with one end sealed tightly with a woven fabric.
On the meshed side, water can easily flow through, leaving the sample in the tube. The tubes
were placed in a water bath at 20 °C for 1 hour, to let the soil in the tube saturate with water.
After 1 hour, the samples were placed in a sand bed for 3 hours to drain excess water. After
that, 2 g of wet soil was weighed into porcelain annealg crucibles and dried in a 105C
oven for 24 hours to reach constant weight. After drying, the samples were left t@ol down

in a desiccator and weighed.

The water holding capacity can be determined using the following formula:

WHC% =

zZpmmb

WHC%z the water holding capacity [%0]
mw - mass of wet soil sample taken froneylinder g]
md- mass d sample dried at 105 ° C for 24 hours [g]
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9.2.1.3. Loss on ignition

Soil properties, and through this, productivity are significantly influenced by its organic
matter content, which includes both the organic matter content of soil organisms and the
dead organic matter, which is released into the soil from the decomposition of living
organisms and during their life activities. In order to determine each of these compounds
(proteins, amino acids, lignin compounds, hydrocarbons, etc.) individually, extremely
complex, time-consuming and costly tests are required. Thus, to characterize the amount of
organic matter, the total amount of organic compounds was determined by a relatively
simple, rapid, widespread methodthe loss on ignition determination. According to the
method, the total organic matter(TOM) content of the sample is characterized by its loss in
mass: when the test substance is heated to annealing, ti@®©M content of the sample
decomposes into carbon dioxide and water, while the mineral content remains ash.

Loss on ignition (Lol) was determined according to Sluiter et al. (2008), to estimate soil
organic matter based on gravimetric weight change associated with higlemperature
oxidation of organic matter.
2M2 g of soil samples are dried to constant wght for 24 hours in a 105°C oven. After cooling
the samples in a desiccator, samples were weighed and then were annealed in a heating
crucible at 550 °C for 5 hours. After cooling, the residues of the samples were weighed

(Figure42).
The loss on ignition can be determined using the following formula:
LOI% = zpmmnp

LOI%z the loss on ignition [%0]
md - mass of sample dried at 105 ° C for 24 hours to constant weight [g]
mi - mass of sample, after ignition at 550 ° C for three hours [g].

| 1

Figure 42 Crucibles with sil samples prepared for ignition
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9.2.1.4. Determination of otrient contentand cation exchange capacity

The following physico-chemical parameters were determined at the Institute for Soil
Science and Agricultural Chemistry of the Hungarian Academy of ScienceA-ATK-TAKI):
- organic matter (OM) content according to H£8-0452:1980 using the modified
Walkley-Black method,
- total nitrogen content with Kjeldahl method based on ISO 11261: 1995,
- ammonium- and nitrate-nitrogen content and the ammoniumlactate-soluble P.Gs and
K20 based on HS 20135: 1999,
- cation exchange capacity with a modified Mehlich method (based on H8-0215: 1978).

9.2.1.5. Elemental analysis withRay Fluorescence spectroscopy (XRF)

For the elemental analysis of the biochar, a NITON XL3t portable de®iby Thermo
Scientific™™ was used. During the measement, three filters were used: he primary filter
for the transition metals, the high filter for the elements of high atomic number and the low
filter for the elements of low atomic number, and it operges between the atomic numbers
of 19 (K) and 92 (U).

About 20 grams of airdried sampleswere weighed into a polyethylene bag. The device
was then placed individually onto the sample for a total of 135 seconds, 45 seconds for the
measurement with each fiter. The concentrations (mg/kg) of the following elements were
measured: Mo, Zr, Sr, U, Rb, Th, Pb, Se, As, Hg, Au, Zn, W, Cu, Ni, Co, Fe, Mn, Cr, V, Ti, Sc, Ca, K,
S, Ba, Cs, Te, Sb, Sn, Cd, AgERdnental composition was determined only during the
screening phase of native biochars.

9.2.1.6. Determination of specific surface area and pore volume

Specific surface area and pore volume of solid, porous substances is usually determined
with gas absorption. Upon contact, a part of the dosed gas molecules is absattonto the
surface of the measured substance. The exact amount of the adsorbed degends on the
gas pressure, temperature, the gagype as well as the surface area. By choosing and
controlling the measuring gas and the temperature, the specific surfagrea of a selected
material can be calculated from the adsorption isotherm. The BET
(Brunauer-Emmett-Teller) theory is commonly used to evaluate the gas adsorption data and
generate a specific surface area result expressed in units of area per mass of sianim2/g).

The specific surface area and pore volume were measured by low temperaturd 96
°C) nitrogen vapour adsorption by BET model based on Brunauer et al. (1938), by the Surface
Chemistry Group of the Department of Physical Chemistry and Materialsi@ce, BMEAIr-
dried biochar samples were used in the measurement. The nitrogen vapour
adsorption/desorption isotherms of the biochar samples were determined with the
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Quantachrome Instruments AUTOSORB automatic volumetric gas adsorption device at 77

K (-196.15°C) 24-hour degassing was performed at 110°C to prepare adsorption
measurements with a Quantachrome Instruments FloVac degasser. The specific surface area

was calculated from the corresponding section of the recorded isotherm according to the
BETmodel. The total pore volume was determined on the basis of the adsorbed volume at
pronbhph AOOOI ET¢C OEAO OEA bPi OAO AOA OEAT EE
Radushkevich model was used to determine the micropore volume.

9.2.2.Biological methods

9.2.2.1. Aerobic leterotrophic bacterial and fungal counts

To monitor the biological activity of the amended soilsgell concentrations ofaerobic
heterotrophic bacteria and fungi were determined by aerobic plate count technique based
on the method originally described byBenedetti et al. (2006).

A soil suspension was prepared by placing 1 g fresh soil into 9 mL sterilised tap water
[sterilised in an autoclave (SYSTEC 3150EL, Budapest, Hungary), 10 min 121°C], and the
suspension was shaken for 30 minutes at 200 rpm (GFL 3BGanalogue orbital shaker,
Budapest, Hungary). From the soil suspension, amember decimal dilution series were
prepared, and three consecutive members of the dilution series (1) 104, 10°) were
cultivated according to the expected concentration of aebic heterotrophic living cells. For

the cultivation of bacteria sterilised meat agar media was used [peptonglucosemeat
AOOAAO j0'-qy AT A 1T Al O ACAO T AAEA & O £O1 CES8
soil suspension was pipetted into Petrddishes and 10 mL agar wapoured into each Petr

dish and was incubated (VELP FOC 225l cooled incubator, Budapest, Hamy at 30 C for

72 h. Finally, the number of developed colonies (Colony Forming Ung¢€F,Figure 43) was
counted, and the celconcentration in the soil was determined [CFU/g sail].

During the pre-screening phae of the biochars, the results were given in Viability Index
[CFU*103/g], by summarizing the bacteria and fungi number.

Figure 43 Petri dishes after incubation: developed bacteria (leéthd fungi (right) colonies
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9.2.2.2. Determinatbn of microbial substrate utilisation patterns byA 2 f 2 3+t 9 02 L
method

The BIOLOG® EcoPlatéM contains 31 different, ecologically relevant carbon sources in
three parallels (hydrocarbons, amino acids, other nitrogen compounds, lipids, biological
polymerics etch xEEAE Al 11T x OOOAUETI C OEA OOAOOOAOA
microbial community (Figure 44).

Figure 44 Allocation of substrates on the Biol@gEcoPIaté
(http://mww. ecologiemicrobiennelyon.fr/IMG/pdf/eco_microplate.pdf)

Incubating environmental samplege.g. soils)on these multiwell microplates results in
characteristic reaction patterns, called metabolic fingerprints. If certain microbes of the
environmental samples can utilise the carbon source present in the actual well, the
respiration of these microbes reduces the also present tetrazolium dye, so the content of the
wells becomes purple according to the rate of utilisationKigure 45). The measurement was
carried out accordingto Nagy et al. (2013)5z5 g fresh soil was shaken in 45 mL 0.85% sterile
NaCl for 30 minutes at 160 rpm. After 10 minutes settling, 1 mL of the supernatant was added
to 9 mL 0.85% NaCl solution. 125 , | £ OEEO OOODPAT OEI 1T xAO PEDPAOD
the plate was incubated at 25 + 0.5 °C in the dark.

Every 24 hours for 120 hours, the absorbance was measured with DIALAB EL800
Microplate Reader at 490 nm wavelength. The Biol6g6A T 0 1 A OddAsudlyini@&sures
optical density (OD) at 590 nm because the peak absorbance of the tetrazolium dye occurs
at 590 nm(Muniz et al., 2014)

173

































