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1. Introduction
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, atmosphere);
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 of land 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 degradation – as a result of the above mentioned anthropogenic activities - is a
global phenomenon resulting in loss of biodiversity and ecosystem services.
Acidification, compaction, salinity, decrease of water holding capacity, cation exchange
capacity and soil organic matter 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 interest 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 exploitation 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, especially 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 protection and
improvement of soils while reducing greenhouse gas emissions. One of the possibilities
is adding various amendments such as wastes (or by-products) to soil to improve its
quality and functionality. This practice has long been recognised as beneficial to the soil’s
fertility, structure, water retention and buffering capacity.
Soil amendments must feature properties such as high binding capacity and
environmental safety and should have beneficial effects on the soil structure, soil fertility,
or the ecosystem on the whole.
10

Applied amendments such as organic materials have generally large pore spaces,
which is advantegous regarding the water and nutrient transportation and balance. To
prevent their leaching and improving the availability of certain nutrients and trace
elements to plants, the particles of such amendments should have a large and highly
charged surface area, which can adsorb or attract these compounds. Organic
amendments may be beneficial to microorganisms, as they supply energy for growth as
well as providing a long term supply of nutrients such as nitrogen, phosphorus and
potassium.
Biochar, a by-product derived from biomass pyrolysis under high-temperature and
low-oxygen conditions is a carbon-rich organic material, an organic amendment, which
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 reliable field
applications based on preliminary scale-up experiments. One factor limiting the
understanding and evaluation of biochar for soil amendment and carbon sequestration
applications is the scarcity of the long-term tiered, scale-up field studies.
In the course of my doctoral research, I 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 physicochemical and biological properties of the studied soils, as well as, to demonstrate that the
biochar-treated soils provide a better habitat to soil-living organisms.

11

2. Literature review
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 uncertain 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 organisms as 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 region. 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 matter – SOM), soil biota and water and air in the soil pores;
however, the volumetric composition of these basic components is highly dependent on
the soil types (Várallyay, 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, 40–50 % 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 material 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 (50–58%); 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 growth of plants.
(Osman, 2013).

-

Soil 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 the 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 (WHC) is 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 also affects 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 capacity. (Murphy,
2014).

-

Air. Soils contain 2%−50% of air/gases by volume. From these gases, oxygen is
essential for the respiration of plant roots and microbes, which both support plant
growth. Besides that, CO2 and N are also are essential for belowground plant
functions such as nitrogen-fixing bacteria (Brady and Weil, 2017).

The composition and ratio of these constituents greatly affect soil physical
properties, such as its texture, structure 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 effects of biochar on an acidic and a calcareous
sandy agricultural soil were studied applying a complex approach using physicochemical, biological and ecotoxicological methods.
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Accordingly, the main soil properties influencing the functions of sandy soils (acidic 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 in the 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 water 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 determined. (Várallyay, 2013).
Soil texture plays a significant role 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 finetextured 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 fertility 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 attract ions 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).
The soil’s ion exchange capacity means its ability to sorb and exchange ions. On
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 cation exchange
capacity (CEC) than anion exchange capacities (AEC). Since fine-textured 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 soils) (Channarayappa and Biradar, 2018).
Soil pH is the measure of hydrogen ions (H+) in the soil and refers to a soil’s acidity
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 the physico-chemical
and biological processes and properties of soils (humification, biological activity,
aggregate formation, mobilization and availability of nutrients, etc.). Many agricultural
soils have a soil pH between 5.5 and 6.5 (Blaskó, 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 these, soil
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 buffering 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,
Ca2+ and Mg2+ contribute to the formation of stable aggregates, by forcing soil particles
to flocculate, or clump together (Channarayappa and Biradar, 2018).

2.1.3 Soil functions
Similarly, to the various definitions of the soil, the definitions of its functions are
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. Soil – as a four-phase
system - also provides habitat for different organisms and works as a natural recycling
system for nutrients and behaves as an engineering medium, and it is an efficient "natural
filter" and detoxification system (Brady and Weil, 2017; Várallyay, 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 the environmental 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 all equally 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 adequately taken into consideration during the utilization of soils.
Consequently, the inadequate soil management activities resulted in over-exploitation,
and decreased the efficiency of different (one or more) soil functions, and caused severe
environmental deterioration, including degradation of soils (Várallyai, 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; however, its extent 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 altering the water 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 political 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 atmosphere. (Lal and Stewart, 1990a)

2.2.1 Soil degradation processes and triggering factors
Soil degradation is a very complicated process that causes reversible or irreversible
changes in soil properties and soil-specific processes, which will result in reduced soil
fertility and limited soil 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.g.,
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 to Lal and Stewart (1990), there are
three types of degradation: physical, chemical, and biological, where different processes
are responsible for each of these types (Figure 1).
Soil degradation

Physical

Compaction
and hardsetting

Laterization

Chemical

Erosion and
desertification

Fertility
depletion

Biological

Elemental
imbalance

Wind erosion

Acidification

Water erosion

Sodification/
Salinization

Decline in soil
organic matter

Toxic
compounds

Figure 1 Types and soil degradation processes (Lal and Stewart, 1990a)
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Reduction in
macro- and
microfauna

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 wheeled 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 low-activity clays are more prone
to hardsetting. (Lal and Stewart, 1990a).

-

Soil erosion and desertification. Soil erosion is a natural phenomenon that has
occurred since Earth was formed, however nowadays, wind and water-induced
erosion of topsoil is increasing at an alarming rate. Wind erosion causes the
spread of desert-like conditions, namely desertification. Because the eroded soil
contains approx. 2-5 times more organic matter and colloidal fractions than the
non-eroded original soil, it causes severe effects both on-site and off-site (Lal and
Stewart, 1990a).

-

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

Chemical degradation processes can lead to a rapid decline in soil quality because the
primary cause of chemical degradation is nutrient depletion. Besides, low-activity clays
are prone to cation leaching, causing a pH decrease and also a reduction in base
saturation. Another reason behind chemical degradation 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 water-soluble salts in the soil. These salt usually
contain the following ions: K+, Ca2+, Cl–, SO42-, CO32-, HCO3– 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 occur. Acidification is mostly caused by the dominance of H+ ions on the
negatively charged binding sites in the soil. Protons are derived from protondonor compounds such as the ammonium 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 biomass-derived 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 degradation (Lal and Stewart, 1990a). Biological degradation of soil,
as described by Sims (1990), refers to the impairment 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 status (Sims, 1990).
Summarising, soil degradation is the decline in soil quality caused by physical,
chemical, and biological processes. Figure 2 shows the relationship between soil
degradation processes, its causes, and factors and their interactions. Soil degradation is
a complex phenomenon and fuelled worldwide by increasing human populations, fragile
economies, and misguided farm policies. Furthermore, there is also often a conflict
between long-term consequences and short-term benefits (Lal and Stewart, 1990b).

Figure 2 Interactions of factors of soil degradation (Lal and Stewart, 1990b)
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The first comprehensive study, within the GLASOD (Global Assessment of HumanInduced Soil Degradation) program, was conducted in 1990, with the support of the
United Nations Environment Program (UNEP) under the auspices of the 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) based on the 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 restoration possibilities to full
productivity (Oldeman et al., 1994)
The degradation is light, when the terrain is still suitable for use in local farming
systems but features reduced agricultural suitability, but the original biotic functions are
mostly intact. With modifications of the management, the restoration to full productivity
is possible. In case of moderate degradation, the terrain's productivity is greatly reduced
but is still suitable for use in local farming systems, 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 degradation strong, in case 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, which 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 human-induced 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 conditions, human-induced soil degradation
processes are considered to be the most urgent. According to the GLASOD report, the
cause of human-induced soil degradation can be attributed to:
- deforestation or removal of the natural vegetation;
- overgrazing,
- agricultural activities, e.g., insufficient or excessive use of fertilizers, use of poor
quality irrigation water, etc.
- overexploitation of the vegetation for domestic use (Oldeman et al., 1994).
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The GLASOD study showed that 1995 million hectares of land in the world was
affected by soil degradation, to varying degrees. The following figure (Figure 3) shows
the world map of the status of human-induced soil degradation, published in 1990, 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 soil material, including
wind and water-induced erosions. In contrast, the second group contains in situ soil
deterioration types, which can be either chemical or physical degradation. Worldwide,
water is the leading cause of soil degradation and, to a lesser extent, 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., 1994).
In Hungary, as a result of long-term 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 processes in 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 (Várallyay, 1989).

Figure 3 Human-induced soil degradation around the world (Source:
http://www.fao.org/docrep/003/w2612e/w2612eMap12-e.pdf)
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2.2.2 Soil protection – policies and thematic strategies
The European Community's environmental policy has already stated in 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 of 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 Community
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 adoption of 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 system (Kátai, 2011).
In addition to identifying areas affected by organic matter decline, compaction,
salinization, and landslides, the framework 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, France, the 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 European soil
quality 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 experts 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 management,
among other things, by increasing soil organic matter and biodiversity, improving soil
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 the task of protecting the soil
as an environmental element, with two well-separable parts, which serve as quantitative
and qualitative protection. Quantitative soil protection means the development and
application of land classification methodologies, the rationalization of the land system,
and the strict control of soil/humus. However, quality protection makes a distinction
between measures against point- and diffuse pollution. The most important objectives of
the Hungarian EU-compliant 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 biogeochemical cycle 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 Problem-specific soil improvement - conventional 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, water-repellent 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 harmful 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;
Sand-levelling: levelling of sand dunes in corrugated sand areas;
Egerszegi-type layered sand amelioration: applying a continuous manure layer to
a depth of 40–60 cm in the soil, whereby the poor water- and nutrient
management of sandy soils can be improved.
Chemical methods
- Liming: CaCO3-containing substances are introduced into the soil to eliminate or
reduce high acidity and unsaturation;
- Lime subsoil cover: the acidic soil is covered with CaCO3-containing subsoil
(loess) and then worked into the plowed layer;
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Gypsum addition: gypsum-containing 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 CaCO3 in 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) methods.
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 wastes, an
important group of innovative technologies includes processes using waste or byproducts 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 small-scale farming (Köhler,
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 biochar, its impact on soil, and its
production conditions will be detailed in the next, 2.4. and 2.5. Sections.
Red mud, a by-product of the Bayer process to produce alumina from bauxite, was
used for acidic sandy soil improvement. The mixing of red mud into the soil, 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 purposes (Ujaczki 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)
23

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 micro- and macroelements, it provides essential nutrients to
the soil. In a study conducted by Cruz et al. (2014 a-b) as a result of spent coffee grounds
addition, the mineral content of the various studied vegetables increased by 10–40%, the
β-carotene content by up to 90%, the chlorophyll content by 60%, and the antioxidant
content also changed in a positive direction. (Cruz et al., 2014b, 2014a)
Combined methods, in which different treatments are applied together, have also
come to the fore. An another use of the above-mentioned 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 area, the 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. Rékási et al. (2019) investigated the
combined effects of plant growth-promoting rhizobacteria (PGPR) and biochar on sandy
soils. They observed increased substrate-induced respiration as well as an increase in
above-ground biomass of the cultivated maize, indicating that the combined application
of BC and inoculant is more beneficial than the separate application (Rékási et al., 2019).
Song et al. (2015) found synergistic effects between PGPR and vermicompost,
which depended on the vermicompost 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 soil microbial 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 nutrient-poor and
acidified soils and increasing soil pH (Shaheen et al., 2014).
Joseph et al. (2015) investigated the soil-improving effects of biochar-mineral
complexes. Biochar-mineral complexes (BMCs) are produced by roasting a mixture of
phosphoric acid-treated biochar, clay, animal manure, and various minerals (kaolinite,
limestone, ilmenite, etc.). Biochar-mineral complexes have very high mineral content,
cation exchange capacity, and water-soluble organic matter content. In their study, they
demonstrated that biochar-mineral complexes significantly increase the amount of
wheat yield per hectare (Joseph et al., 2015).
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As a result, traditional soil improvement practices are beginning to take a back seat
and are increasingly being replaced by innovative techniques that combine soil
improvement with waste recovery. Most wastes contain large amounts of a nutrient that
has no benefit or is even dangerous if placed 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 meso- and micronutrients for the plants. The advantage of the
technology is that it improves the properties of the soil not individually but in one unit,
i.e., it will affect both its physico-chemical and biological properties and may even affect
fertility. The combination of Environmental Risk Assessment and Life Cycle Assessment
is an appropriate tool for assessing the short- and long-term 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 technology-assessment 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 biochar 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 CO2 and may eventually become a soil amendment
(EBC, 2012). During the oxygen-poor or oxygen-deficient thermochemical
decomposition of organic materials, it loses nearly 75% of its original weight and 50% of
its carbon content (Lehmann, 2009). Biochar is a high-carbon, porous fine particulate
slag that remains in the process (Sohi 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)
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2.4.1.1

Structure, porosity and specific surface area

Biochar consists mainly of crystalline graphene sheets and randomly 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 more aromatic, graphite-like structure
is obtained. (Downie et al., 2009).
High specific surface area and high porosity in combination with the chemical
properties and surface 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 temperature (Downie et al., 2009)

The pores are divided into three groups 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 habitat for mycorrhizae and bacteria. The porosity
basically determines the surface area (Laghari et al., 2016).
Biochars feature specific surface area within the range of 1.5–500 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 (Brunauer-Emmett-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, resulting in increased pore development (Lua et al., 2004).
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Based on the literature, it can be stated that the increasing pyrolysis temperature
results in higher surface area but a lower biochar yield, yet the high temperature results
increased pore volume as well. At 500 °C, the cellulose and hemicellulose content of the
feedstock decomposes, resulting in a honeycomb-like biochar structure, with 5−40 µm
diameter pores and thinner walls. Thus, the biochars produced at higher temperatures
are less hydrophobic, and their water holding capacity is higher (Laghari 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 decrease (Brown 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 oxygen-containing 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 C–O bonds, C–H bonds, and O–H
bonds break, resulting in a decrease in the O-containing functional groups, however the
proportion of alkaline groups increases (Chen et al., 2019).

2.4.1.3 pH
The pH of the biochars is generally in the neutral-alkaline 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, while the highest pH values
were found in the case of poultry manure feedstock (Chen et al., 2019; Lehmann, 2007).
In general, biochar pH increases with the pyrolysis temperature therefore the pH of the
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 Capacity (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 value (Brady and Weil, 2017).
Low-temperature pyrolysis produces higher biochar yields with a higher
proportion of the aromatic molecules and an increased number of functional 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 capacity (Ralebitso-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 promote O-containing 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 temperature. 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 addition, it should be noted that the biochars with
higher ash content tend to have higher CEC (Zhao et al., 2013).
On the other hand, with higher pyrolysis temperature, the volatilization of organic
compounds increases resulting in higher ash content (Mukherjee et al., 2011). From the
above-mentioned studies, it is clear that wood-derived biochars feature less ash content.
However, biochars 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 the higher concentrations of Na+, K+ and Mg2+ ions and
the presence of SO42- and PO43-, nevertheless biochars made from poultry litter feature
an even higher EC, that can be attributed to high salt concentrations (Laghari 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 elements occur
mostly in the ash (Chen et al., 2019).
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Lehmann et al. (2006) reported that the availability of nitrogen which can be
generally found within a C–N heterocyclic structure on the biochars’ surface, is usually
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 than crop residue and grassbased biochars. On the other hand, crop residue and grass-based biochars have higher K
content than manure-derived biochar. Biochars made from wood reportedly contain a
significant amount of plant-available macronutrients (P and K) besides alkaline earth
elements. The plant-available 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 significant. To 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, biochars made 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 content 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 pre- and post-treatment methods
used (drying, chemical activation, grinding, etc.). Wood-based biochars are coarser,
while herbaceous (e.g., corn, rye) and manure-based biochars are characterized by finer
particle distribution and fragile structure (Sohi et al., 2009).
The particle size is influenced by pyrolysis and its properties. 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 matter. Parameters that influence the
properties of biochar during production include heating rate, highest treatment
temperature, pressure, residence time, pre-treatments such as drying, shredding,
chemical activation or post-treatment. Changing these parameters 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 temperature-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 features a 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 long-term climate change mitigation
strategy. Besides, the stability 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 analysis (ASTM 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 carbonates and 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 are good 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. High-temperature 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 aromaticity, its potential to sequester carbon as well as its
adsorption capacity increases, furthermore via the electron-rich π system, its capacity to
interact with nutrients and metals grows. The quantity of easily decomposable
components and acidic functional groups 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, therefore, hightemperature biochars are suitable for improving acidic soil, but not alkaline soils. On the
other hand, higher biochar yield is obtained with low-temperature pyrolysis, and the
product features more O-rich functional groups which can act as nutrient 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 cellulosetype 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
calcareous soils (El-Naggar et al., 2019).

Figure 5. Changes in biochar properties and functions as a function of pyrolysis temperature (El-Naggar 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 soil (Ahmad et al., 2014). In a large number of publications in the
literature, biochar is produced from a wide variety of raw materials (or by-products).
Plant-based biochars can be produced from 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 most often 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 feedstock (Brewer, 2012).
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However, one must be cautious about the presence of toxic substances and
compliance with the relevant limit values, since high levels of heavy metals, especially Cu,
Zn, Cr, Ni, may occur in the case of the biochar produced from sewage sludge (Bridle 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 H2 (g)). 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 oxygen-poor or oxygen-free environment under the
influence of heat. At any chosen technological parameters, three types of products are
formed: the gases produced (syngas), the liquid phase (bio-oil) 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 possibilities are presented in Figure 6 (Ralebitso-Senior and
Orr, 2016).
Slow pyrolysis was invented thousands of years ago for the production of plantbased coals. This type of pyrolysis conventionally features slow rates of heating, between
5−20 °C/min, long residence time (5 min−1 hour), and high biochar, but low gas and
liquid fraction yield. During the slow pyrolysis, the biomass is pyrolysed at 300-500°C in
an oxygen-free environment at atmospheric pressure (Ronsse et al., 2013).
As opposed to this, fast-pyrolysis systems work with a short residence time (0.5–10
s), high heating rate (approx. 10-200°C/min) and high temperature (500–650°C),
resulting in a higher yield of the liquid fraction (60–75%) in addition to biochar (15–25%)
and syngas (10–20%). The feedstock used for fast pyrolysis is usually dried, and the
particle size is reduced (<1 mm) to reduce the speed of the process (Laghari et al., 2016).
Research on specific technological parameters has shown that high 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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Feedstocks
Processes

Agricultural waste
(straws, nut shells,
woody wastes etc.)

Slow pyrolyis (low T,
450-550°C, O2 free,
optional: steam)

Products

Fast pyrolysis
(anhydrous)

Bioenergy residue
(„cake”)

Synthesis
gas, bio-oil,
biochar

Uses and Applications

Biomass energy
crops (corn, wood
pellets, palm oil
etc.)

- Heat
- Fuel (generate electricity
through combustion or
converted to syngas)
- High value biochemicals
used as foog additives /
pharmaceuticals
- Soil additives, fertilisers

Syngas

Biochar

Compost (green
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Figure 6 Summary of conversion processes (Ralebitso-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 pressure over a temperature range of 700−1000°C. The
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 mm. In the case of flash pyrolysis, biooil and synthesis gas 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 produced (Tripathi et al., 2016).
As a subtype, hydrochar is produced by hydrothermal carbonization (HTC) or
liquefaction, resulting in a higher H/C ratio and decreased 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 sewage sludge) (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 technologies are also gaining ground
in the field of biochar production. These processes are much more controllable, energyefficient, cost-effective, and environmentally friendly than conventional pyrolytic
processes. During microwave pyrolysis, the heating rate can be varied over a wide range
(0.1−500 °C/min), the applied temperature is between 200−1000 °C, and the microwave
irradiation time is only a few minutes (5−15 minutes, between 1.5−2.7 kW). Microwave
pyrolysis can produce higher quality (e.g., higher porosity, higher specific surface area)
biochars with higher production percentages, than conventional pyrolytic methods
(Mašek et al., 2013).
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. These are 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 as pH, 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 decreased (Tag
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, fast pyrolysis, gasification and torrefaction. The slow pyrolysis results the
highest yield of biochar, while the fast pyrolysis is the most efficient method for
producing biofuels. On the other hand, gasification is the most efficient for producing
syngas, which 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 biochar (Crombie et al.,
2013; Tomczyk et al., 2020; Wang et al., 2020). In 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 which vary in the use of oxygen,
heating rate, and final temperature the quality of biochar products can be different (Li et
al., 2019)
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In addition, the biochar’s characteristics may be influenced by the reactor
configuration, and further process conditions such as pressure and carrier gas. Kończak
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 CO2 atmosphere had higher BET specific surface area than the same
biochar obtained in an N2 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 key characteristics 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, especially in 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 agronomic 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 topic (Ralebitso-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 feedstocks, 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 policy development 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 Biochar 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 safety
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 such certificates can
help consumers and biochar producers in strengthening trust between distributors.
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The recommendations of these organizations cover (though not with the completely
same approach), for example, the allowed biochar feedstocks and the appropriate
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, nonbiased
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 1.0, released 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 by the 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 physico-chemical 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 are the 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 applications (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 biochar physicochemical properties 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 in the literature
(Meyer et al., 2017; Rashidi and Yusup, 2020). The 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 inconsistencies in 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 three 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 IBI is 1.4-39 mg/kg, while in the EBC it can be 1-1.5 mg/kg depending on
whether it is a basic or premium product. Further difference in these certifications is the
evaluation of the sustainability of the raw materials. While the assessment of the
sustainability 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 IBI. At the same time, the sustainability is of a
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 process,
heat recovery, biochar handling and labelling etc.
In addition, I 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 content for 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 biochar suitability as soil ameliorant.

2.5 Possible uses and different faces 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 treatment of environmental problems.
The already extensive range of biochar applications is continuously expanding, mainly in
such areas as agriculture, environmental protection, and industry.
Its best-known and most common field of application is presumably its use as 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 processes, as 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 hydrogen (Saletnik 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 described in more
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 mitigation (Oliveira 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 years (Lehmann,
2007). Owing to its stable and recalcitrant feature, biochar draws carbon from the
atmosphere, and thereby provides a carbon sink to ecosystems (Lehmann et al., 2009).
Zimmermann et al. (2011) 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 biochar–soil
interaction might enhance soil carbon storage via the processes of OM 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 co-metabolism (Zimmerman et al., 2011).
Furthermore, due to the complex influence of biochar on the nitrogen cycle, biochar
addition to the soil can mitigate its greenhouse-gas emission both in the short- and long
term as well. Biochars produced at 200–600 °C reduced N2O emissions from agricultural
soil, as described Wang et al. (2013).
Responses of N2O 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 biochar-treated soils (Wang et al.,
2013). With the alteration of soil pH, the proportion of N2O−N2 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 (NH4+ and NO3-), 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 biochar-mediated processes, the influences of biochar 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 biochars – benefits and
drawbacks
Besides the agricultural application 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 environmental 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 mobility 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 occurs when 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 done by 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 adsorption, pore retention, and
microscopic adsorption), biochars are able to absorb organic pollutants as well, namely
PAHs, PCBs, phenols, and naphthalenes. Since, in addition to measurable physicochemical processes, many microbiological processes also affect the degradation of
pollutants, it is difficult to quantify the reduction of the availability of these organic
pollutants by biochar. Furthermore, there is a lack of in situ long-term studies on the
organic and inorganic pollutant remediation capability of biochars; as a result, research
to explore ongoing processes will remain relevant in the near future (Chen 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
techniques already in use is that it is low-cost and renewable if made from readily
available feedstocks, and instead of removing just pathogens, biochar can remove both
biological, chemical, and physical contamination. Furthermore, while the techniques
already in use usually produce carcinogenic by-products 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 function as an energy source, however, their combustion characteristics
mainly depends on the pyrolysis conditions and feedstocks. With 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 biochar-coal mixture together, biochar can effectively
reduce both the burnout and ignition temperatures and improve the conversion
efficiency and the combustion characteristics (Chen et al., 2019).
During the pyrolysis process, usually, bio-oil and biochar are produced
simultaneously. Researches showed that the burning rate of the emulsion created by
suspending the biochar particles in the bio-oil was significantly higher than the bio-oil
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, biochar-related 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 so-called
designer biochars. The advantage of biochar use in fuel cells, rather than traditional coalcombustion and then conversion of steam into electricity, is that they operate with less
energy loss, i.e., higher efficiency (Novak et al., 2019). Biochar can be used as an electrode
or catalyst not only in chemical but also in microbial fuel cells too (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 NH4-N emissions (Quaiyum 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 not only pollutants but also CO2, 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 CO2. If biochar is made to adsorb CO2 before mixing
into cementitious material, additional emissions of CO2 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 that the addition of biochar saturated with CO2
resulted in lower mechanical strength and permeability than fresh biochar (Gupta et al.,
2018).
Summarizing, in addition to soil amelioration there are promising possibilities
available for application of biochar in environmental technologies, such as pollutants
removal based on different mechanism (e.g. adsorption, ion-exchange, 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 benefits, 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 environmental risk. 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 not 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 temperatures feature aliphatic hydrophobic functional groups. These
can be displaced with water resulting in an increased water holding capacity (El-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 non-volatile
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 high-temperature,
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) conducted their studies using biochars produced from larch,
bamboo, corn, and rice straw raw materials with a residence time of 12 h at 300 °C and a
residence time of 2.5 h at 600 °C. The study aimed to determine the effect of different
feedstocks and production 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 of the 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 PAH 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 metal and PAH content of biochar, other biochar-mediated
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, it is 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 pesticides (Khorram et al., 2016).
Numerous studies have demonstrated the influences of biochar on the adsorption of
pesticides in soil. Due to the adsorption capability of biochar the efficacy of pesticides
may be influenced in soil (Khorram 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 safe
biochar application. Prediction of the risk of biochar in soil is mainly carried out based
on physico-chemical characterization of pure biochar to quantify the contaminant
concentrations such as metals and PAHs (K. Chan and Xu, 2009; Hospido et al., 2005).
However, the bioavailability of these contaminants as well as other biocharmediated processes in soil such as changes in soil texture, pH, availability of nutrients
etc. might affect soil functions 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 safe and 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; Molnár et al., 2016; Tammeorg et al., 2017; Yang et al., 2019).
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 growth, but
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, studies are
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 et al., 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
plants and animals should be investigated on a “char by char” basis.

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-chemical properties, to increase the nutrient-supply
of less fertile soils, 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 physical-chemical parameters of soil
As El-Naggar et al. (2019) summarized, that the alkaline biochar can alter the soil
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 nutrients (El-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 type and 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, there were no significant changes in the
pH of biochar treated alkaline soil (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 absence of biochar and 10.2 in biochar-treated 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 soil 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 plant-available nutrients from soil by
irrigation water, and this process is highly correlated 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 crop yield. From this study, they concluded that studied rice-husk
biochar can effectively increase soil porosity (Mukome et al., 2013).
Due to its high specific surface area and its negative 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 leaching (Cheng 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 contaminants (Roberts et al., 2017). However,
the impacts of biochars on soil CEC are dependent on many factors (type of soil,
production conditions and application rate of biochar). In a 90-day incubation
experiment.
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El-Naggar et al. (2018) tested 3 types of biochars produced at 500–600 °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 significantly upon 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 CEC (El-Naggar et al., 2018).
With its own nutrient content, biochar improves the nutrient supply of the soil and
increases the availability of plant-accessible nutrients, although its nutrient composition
is highly dependent on the feedstock and pyrolysis conditions. 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 degrade over centuries (Rékási 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 feedstock. From the start of biochar research, the role
of micropores as habitat for soil-living microbes has been hypothesized, protecting them
from environmental stress, such as desiccation or predators (Ralebitso-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 a 3-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, they were 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 its high 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 the biochar surface than the three-years 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 carbon (Quilliam et al., 2013).
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Figure 7 Electron microscopy images of the surface of the biochar: (a) pore plugging by soil (b)spatial differences of
biochar (c) and (d) colonization on the biochar surface (Quilliam et al., 2013)

Figure 7 shows electron 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 spatial differences and rare microbial colony formation in the image
labelled (b). Images (c) and (d) show colony formation by hyphae and single-cell
microbes, indicated by arrows. In this study, the researchers studied larger pieces (1−2
cm) of biochar, which were 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
of the mineral fertilizers (1−3 mm)(Quilliam et al., 2013).
However, Gul et al. (2015) reported that the properties of the biochar and the
biochar-mediated changes in the physico-chemical attributes of the soil affect the activity
of the microorganisms. 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 the pores in the biochars and hollows in the soil,
also, serve as suitable habitat and provide shelter for soil-dwelling microbes such as
bacteria (0.3 to 3 μm), fungi (2–80 μm) and protozoa (7–30 μm), they also provide shelter
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 (Dissolved Organic Carbon), which is leached from the
biochar. DOC-like substances and other metabolizable C-containing substances, as well
as pH, can play an important role in the growth of microorganisms. Gram-positive
bacteria favourably utilize carbon derived from biochar and prefer more the alkaline pH
created by the use of biochar than Gram-negative 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 El-Naggar 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
represents the soil’s microbial communities) by addition of biochars made from
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 rice 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 microorganisms (El-Naggar et al., 2019).

2.6.3 Effects on soil fertility
The application of biochars with various origins can improve degraded soils with
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). The 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 carbon 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 their leaching, resulting in
improvement in soil fertility (El-Naggar et al., 2019). In an experiment conducted by
Laghari et al. (2015), they found that BC addition increased the soil total C by 7−11%, K
37−42%, P by 68−70%, and Ca by 69−75% (compared to the untreated control).
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 it can be concluded that high-temperature
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, low-temperature biochars feature
higher cation exchange capacity, however, 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 assessing 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 to improve the physico-chemical 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 set-up and conditions. Because of that, there is
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 (El-Naggar et al., 2019).
Spokas et al. (2012), in their review collected results from 25 countries to compare
the agronomic impact of different biochars, 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 short-term 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 biochar-mediated effects on the yield
occurred in fertile soils. They also found that the greatest improvements in crop
productivity were experienced with biochars made of hardwood or featuring high Ncontent (e.g., poultry manure) (Spokas et al., 2012).

2.7 Biochar for soil improvement – present gaps and future research
directions
In rehabilitating soils with low fertility and agronomic performance, biochar
application can be an excellent alternative to traditional soil-improvement 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) biochar-originated, 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) co-application potentials and
demerits of biochar with other organic and/or inorganic materials, and if such
combinations can serve as more effective soil ameliorants in the present scenario
(Kuppusamy et al., 2016).
According to El-Naggar 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,
furthermore, experiments with high application rates should be avoided, and coapplication with other soil additives (co-composting) should be preferred. Since the
interactions between soil and biochar are not fully understood, further research is
needed, especially 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 solution (El-Naggar et al., 2019).
Similarly, to the above mentioned research (El-Naggar 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 reviewed for their metaanalysis used >30 t/ha biochar application rates. The authors suggested the necessity of
more research to investigate the impact of biochar pre- and post- pyrolysis modifications
in achieving high efficiency at the lowest applicable dose possible (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 researched 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 and environmental
factors) prevailing in the open field, and in most cases, field experiments are long-term
(Edeh et al., 2020). Edeh et al. (2020) studied mainly the effects of biochar on soil water
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 composition (de
la Rosa et al., 2018).
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Other studies demonstrated that biochar application with long-term 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 essential to carry out longterm (>2 years) field studies to address the questions raised around biochar ageing and
its effects on agronomic performance (Edeh et al., 2020).
There are also gaps in assessing the ecotoxicity of biochars, despite the fact that
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 contamination with heavy
metals and polycyclic aromatic hydrocarbons (Domene 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, Molnár et al., 2016, Farkas et al., 2018; Gruss et al.,
2019). The most research concerning biochar ecotoxicity assessment has been carried
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 produced 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 soil amelioration
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 application (Kloss et al., 2014;
Ndirangu et al., 2019; Rogovska et al., 2012). The toxic element release and discharge
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
and thereby result in elevated concentrations of pollutants (Gelardi 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 products 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 Initiative (IBI) 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 legislative
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;
- to increase the number of field trials;
- to study and predict the long-term effects and stability of biochar in soil;
- to favour low-dose biochar research;
- to investigate and evaluate the ecotoxicity 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.

51

3. Objectives
The scope of this PhD thesis is to develop a biochar-based soil improvement
technology in the framework of a multi-step technology development while assessing
and evaluating its effects on the examined soils’ characteristics. The main objectives of
this thesis are the 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-scale 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 effectively improves the
physico-chemical and biological properties of the studied soils as well as to
demonstrate that the biochar-treated soils provide a better habitat to soil-living
organisms.
4. To measure and evaluate the biochar-mediated effects on an acidic and a
calcareous sandy soil, to determine the influences on soil physico-chemical 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 (physico-chemical, biological and
ecotoxicological) treating soil as a unit.
To achieve these aims, the following tiered technology development has been
applied. First, 14 biochars produced from different feedstocks and with varying pyrolysis
conditions have been screened and characterized with a complex methodology, that
consist of both physico-chemical analysis, monitoring of the biological parameters and
ecotoxicity testing. Based on the results, a priority list was prepared.
In the second phase of the scale-up technology development microcosm
experiments of various size and duration were carried out, with both acidic and
calcareous sandy soils and at different biochar concentrations, aiming 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 sites featuring
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 biochar from multiple
perspectives for 2.5 years.
52

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 scale-up technology development, 14 biochars of different
origin were purchased and tested with an integrated methodology to assess their
applicability as soil ameliorants. The biomass feedstock of the examined biochars and
their pyrolysis conditions is shown in Table 1.
Table 1 Properties of the biochars tested in the first phase

Biochar code
BC1-PFS
BC2-PFSA

BC3-BCM

BC4-BCMO

Biomass
Grain husk and paper fibre sludge
Grain husk and paper fibre sludge,
post-treated with nitrogen,
compost and stone powder
Grain husk and paper fibre sludge,
post-treated with digestate,
minerals
Grain husk and paper fibre sludge,
post-treated with digestate,
minerals and organic liquid

Pyrolysis
temperature
(°C)
500 °C

Pyrolysis
residence time
(min)
20

500 °C

20

450 °C

20

450°C

20

BC5-W

Woodscreenings

600700 °C

20

BC6-V
BC7-BC
BC8-S

Vine prunings
Black cherry woodchips
Straw from wheat
Miscellaneous meadow plants
(after mowing)
Natural biomass (herbal pomace)
Wood sawdust
Spelts mixed with paper (2:1)
Cow manure
Miscanthus

600700 °C
600700 °C
600700 °C

15
15
15

600700 °C

15

700 °C
600700 °C
600700 °C
650750 °C
600700 °C

15
20
15
n.a.
15

BC9-MP
BC10-NB
BC11-WSD
BC12-SP
BC13-CM
BC14-M
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A wide range of biochars was tested, including plant-, manure- and industrial byproduct-based biochars and also, post-treated variants of some of these biochars. BC1,
BC2, BC3 and BC4 were purchased from Sonnenerde Gmbh., Austria, BC5, BC6, BC7, BC8,
BC9, BC10, BC11, BC12 and BC14 from Pyreg Gmbh., Germany, while BC13 from BOSFRUCHT Agricultural Industry Producer, Processor and Sales Cooperative, Hungary. All
the biochars were produced in a Pyreg® type pyrolyzer, except BC13, which was
produced in a Super Stone 500 pyrolyzer. The biochars were sprayed with water up to
30% water content to avoid self-combustion 5 min after pyrolysis. In the case of biochars
BC1 – BC4 different post-treatments were carried out. According to the biochar’s
distributor, Sonnenerde Gmbh., BC2-PFSA biochar was acidified with sulphuric acid
immediately after production and then sprayed with ammonium-sulphate solution,
resulting in an increased N content up to 5%. This "N-activated" biochar was then
additionally biologically activated in a composting process. After 4-6 weeks, the finished
soil activator (BC2-PFSA) was sieved (<8 mm) to remove the compost from the mixture
(https://www.sonnenerde.at/). In the case of BC3 and BC4, the activation was carried
out by spraying digestate on the surface, and the other additives were added afterwards.
All biochar samples were stored in plastic zip-lock bags until analysis/further
application.
Based on the results of the multicriteria scoring system, biochars on the top of the
priority list (Table 8) were used in one short-term 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 (BC1-PFS) for a 2
weeks-long pot experiment aiming to monitor its short-term effects on both acidic sandy
and calcareous neutral soil (Short-term microcosm experiment – No. 1).
Simultaneously, a larger microcosm experiment was set up (mid-term microcosm
experiment – No. 2) focusing only on the improvement of acidic sandy soil and applying
not only the BC1-PFS biochar but also two other, promising biochars from the priority
list (BC2-PFSA and BC5-W). BC2-PFSA was the well-performing post-treated version of
BC1-PFS, post-treated with nitrogen, compost and stone powder. BC5-W, wood-based
biochar was selected for its high score and availability.
Meanwhile, another 1-year microcosm experiment was initiated (mid-term
microcosm experiment – No. 3) to test the effect of higher biochar doses, namely the
woodscreening biochar (BC5-W), which performed exceptionally well after half a year in
microcosm experiment No. 2 and the Chinese reed biochar (BC14-M, miscanthus). The
properties of the biochar used in the microcosms experiments are given in Table 2.
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Table 2 Properties of the selected biochars

Biochar
BC1-PFS

Biochar
BC5-W

grain husk
and paper
fibre sludge

woodscreening
s

450−500

600−700

450−500

600−700

20

15

20

15

8.8
194

9.3
551

6.8
1365

7.62
199

Ignition loss2 (%)

60

80

32

84

Density3 (g/cm3)
BET surface area4
(m2/g)
Total pore volume
(N2)4 (cm3/g)
Total micropore
volume4 (<2 nm)
(cm3/g)
WHC1 (%)
Total N5 [%]
AL-P2O55 [mg/kg]
AL-K2O5 [mg/kg]
H/C6

1.76

2.07

1.61

0.134

175

284

4.6

440

1.45 E-1

5.33 E-2

2.07 E-2

2.34 E-1

0.063

0.027

0.002

0.173

169
1.49
5713
8889
0.27

151
1.15
1610
16871
0.15

105
1.37
5010
20894
n.d

247
0.6
1100
7500
0.18

Biomass
Pyrolysis
temperature (°C)
Pyrolysis
residence time
(min)
pH1 (H2O)
EC1 (µS/cm)

1Methodologies

Biochar
BC2-PFSA
grain husk and
paper fibre
sludge (post
treated)

Biochar
BC14-M
Miscanthus

explained in Supplementary 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 He-pycnometer based on Thommes et al. (2015).
4BET specific surface area measured by low temperature (-196 °C) nitrogen vapour adsorption by BET model based
on Brunauer et al. (1938).
5 Ammonium-lactate-soluble P2O5 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 effects of biochars on the acidic
soil’s properties were observed, but also their effect in combination with compost. The
compost contains 45 V/V% communal sewage sludge, 23 V/V % agricultural by-products
(wheat and hay straw, sunflower stalk, sawdust etc.), 27 V/V % green wastes from parks
(grass, branch trimmings etc.) and 5 V/V % „Biomass Kappa” inoculant. Table 3 shows the
main properties of the applied compost.
Table 3 Main properties of the applied compost

Properties
ASA BIOMASS

pH1
(H2O)
7.50

OM2 (%)
8.12

Total K3
(mg/kg)
8243

Total P3
(mg/kg)
10259

Total N4 (%)
1.16

1 Data

provided by the manufacturer. 2 Determined by ISO 14235, 1998.
3 Determined by HS 21470-50, 2006.4 Determined by ISO 11261, 1995.

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 (Nyírlugos – acidic
sandy soil; Őrbottyán – calcareous sandy soil). The properties of the soil are given in
Table 4.
Table 4 Properties of the soils at the two experimental sites

Acidic sand
Calcareous sand
(Lamellic Arenosol) (Mollic Umbrisol (Arenic))
Mechanical composition –
Sand:Silt:Clay 1 (w/w %)
CEC 2 (meq/100g)
Hygroscopic capacity 3 (w/w %)
Organic matter 4 (w/w%)
pH 5 (H2O)
Total K 6 (mg/kg)
Total P 6 (mg/kg)
Total N 7 (%)
CaCO38(%)

85:10:5

81:13:6

1.48
0.4
0.6
4.4
1193
260
0.04
0

9.05
0.8
1.0
7.9
2152
545
0.06
2

1 Texture

(sand above 0.05 mm, clay below 0.002 mm particle size) based on the different sedimentation velocity of
particles according to HS 08-0205:1978.
2 CEC was measured with the modified method of Mehlich (HS 08-0215:1978).
3 Hygroscopic capacity is the soil moisture content determined by its water saturation in a well-defined vapour tension
space according to HS 08-0205:1978.
4 Soil organic matter content was measured using the modiﬁed Walkley-Black method (HS 08-0452:1980).
5 pH was determined in 1:2.5 soil:water suspensions after standing for 12 h based on HS 21470-2:1981.
6 Determined after extraction with cc. HNO3 and H2O2 with ICP-OES according to HS 21470-50:2006.
7 Determined by ISO 11261:1995.
8 CaCO3 was measured using the Scheibler gas-volumetric method (HS-08-0206/2:1978).
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4.2 Experimental set-up - scale-up technology development
The technology development carried out in the framework of my PhD research
started with the characterization and ranking of different biochars employing a complex
methodology consisting of various physico-chemical and biological methods and
ecotoxicity testing. Previously, more than 25 biochar products were investigated, but
several of these were prepared from similar feedstocks under the same pyrolysis
conditions, or in some cases, we had only small quantities from trial pyrolysis, so we
selected 14 biochars for the screening-ranking program.
The best-performing 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 monitor its
effects on the parameters of an acidic sandy and a calcareous soil (Figure 8).

Figure 8 Schematic view of the steps of the scale-up technology development

The corresponding experimental set-up and the applied methods will be
discussed separately for each phase of technology development. The main steps and the
relevant parameters of the scale-up technology development are summarised in Table 5.
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Table 5 Scale-up technology development concept

Concept of scale-up technology development
Laboratory scale microcosm
experiments
Characterization
Field
and ranking of
Short-term
Mid-term
demonstration
biochars
microcosm
microcosm
experiment
experiments
Size

-

1500 gr

3000 gr

1280 m2 - 64
plots (4 x 5m)

Duration

-

2 weeks

12 months

30 months

2nd week

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

Start, 5 month,
and 30 month

BC1-PFS

BC1-PFS, BC2PFSA, BC5-W,
BC14-M

BC1-PFS

Sampling

Biochars

Applied
concentrations

-

14 biochars of
different origin

Original products
without dilution

0.5 w/w%;
1 w/w %;

0.1 w/w %;
0.5 w/w %;

0.1 w/w %;
0.5 w/w %;

1.5 w/w %

1 w/w %; 2 w/w
%
Acidic sandy
soil

Acidic and
calcareous
sandy soil

1 w/w %

Soil types

-

Acidic and
calcareous
sandy soil

Extra additives

-

-

Compost, NPK

NPK

Aim of
experiment

Development of a
multicriteria
scoring system &
establishing the
priority list

Assessment of
the effect of
BC1-PFS in both
soils, screening
of effective
concentration

Selection of the
best performing
biochar for the
field trial &
comparative
evaluation of
the effects of
various
biochars and
doses

Verification and
demonstration
of the soil
improvement
technology

Monitoring
and
assessment*

C+B+E

C+B+E

C+B+E

C+B+E

*C-physico-chemical analysis; B- biological activity analysis; E – ecotoxicological analysis
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4.3 Experimental designs during the technology development
This chapter will present the experimental set-ups and conditions of each phase of
the carried out technology development.

4.3.1 Characterization of biochars and the setup-up of the multicriteria scoring
system
The 14 biochars used in the first phase were stored at room temperature (23°C), in
zip-lock bags prior testing. The tests were conducted with the native, air-dried and nonground biochars.

4.3.2 Short-term microcosm experiment – No. 1

Figure 9 Assembled microcosms for incubation

The experiment started on April 14, 2015. The assembled vessels contained biochar
BC1-PFS (from grain husks and paper fibre sludge), mixed with acidic sandy soil from
Nyírlugos and calcareous soil from Őrbottyán . The soils without biochar served as
untreated control (Figure 9). The properties of the applied biochar and soils are shown
in Table 2 and Table 4. The applied biochar doses were 0.5 w/w %, 1 w/w % and 1.5 w/w %.
The appropriate amount of biochar was manually incorporated into the soil. The
experiment was run in three replications, including the controls. Soil samples were taken
after 2 weeks to evaluate the short-term effects. The starting weight of the microcosms
was 1.5 kg each and they were held at room temperature (23°C).
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4.3.3 Mid-term microcosm experiment – No. 2
After the pot experiment, a mid-term laboratory microcosm study was carried out
to evaluate the effects of 3 well-performing biochars (grain husk and paper fibre sludge
biochar (BC1-PFS), grain husk and paper fibre sludge biochar post-treated with nutrient
and compost (BC2-PFSA), woodscreenings biochar (BC5-W)) on the properties of a
typical acidic sandy soil in Hungary (properties are shown in Table 4), as well as on maize
plant (Zea mays) parameters.
Table 2 shows the main properties and the pyrolysis conditions of the applied 3
biochars. BC1-PFS and BC5-W biochars were not post-treated, but BC2-PFSA was a posttreated version of BC1-PFS (enriched with ammonium-sulphate, post-treated with 40%
compost and 10% rockstone). BC1-PFS and BC2-PFSA biochars originate from
Sonnenerde Ltd., Austria, the BC5-W biochar from Pyreg Ltd. Germany.
The experimental set-up comprises soil microcosms with the three discussed
biochars (BC1-PFS, BC2-PFSA and BC5-W), mixed into the acidic sandy soil at 0 w/w %
(control), 0.1 w/w %, 0.5 w/w % and 1 w/w % rate and soil microcosms with compost (C)
and fertilizer solution (NPK) alone, and in combination with the biochars (except BC2PFSA) at 0.5 w/w %, as described in Table 6.
The manufacturer recommended compost application at 0.5 w/w % (15 t/ha) dose,
but we applied it only at 0.33 w/w %, to limit its pronounced effects on the examined soil
properties. The compost (from ASA Hungary Ltd., marketing authorisation 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 NH4NO3), 22 kg/ha phosphorous (from P2O5) and 52 kg/ha
potassium (from K2O). BC2-PFSA biochar treatment was not combined with NPK or
compost, because it had been post-treated (N enrichment and mineral treatment).
Microcosms with only NPK and compost addition (without biochars) were also set up.
The biochar, compost and fertilizers were than mixed into the soil according to the
experimental plan.
Table 6 Microcosms by treatment

Control
Biochar BC1PFS
Biochar BC5W
Biochar BC2PFSA

Treatments
Control +
Untreated control
compost
0.1%
0.5%
1.0%
0.5% BC1-PFS +
BC1-PFS
BC1-PFS
BC1-PFS
compost
0.1%
0.5%
1.0%
0.5% BC5-W +
BC5-W
BC5-W
BC5-W
compost
0.1%
0.5%
1.0%
BC2-PFSA BC2-PFSA BC2-PFSA
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Control + NPK
0.5% BC1-PFS +
NPK
0.5% BC5-W +
NPK
-

Three kilograms of soil-biochar mixtures from all the treatments and the
untreated control were prepared by mixing them manually, and placed into pots
(50×70×30 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 content and
homogenized manually every second week; the microcosms were kept at room
temperature (22 °C±2 °C). Five samplings were carried out: at the start, two weeks, two
months, 6 months and one year after the start of the experiment. To evaluate the longterm effects and to compare them with the short-term findings, only the results of the
2nd, the 6th and the 12th month samplings will be discussed here.
After the 1-year incubation period, pre-germinated maize (Zea mays) 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 weekly, and the water loss was
replaced. At the end of the 1-month growing period, the biomass of the plants was
removed and weighed.

Figure 10. Microcosm after the first sampling

4.3.4 Mid-term microcosm experiment – No. 3
This experiment aimed to assess and evaluate the effects of higher biochar doses
on the same degraded acidic sandy soil, and to compare their effectiveness compared to
the previous microcosm No.2. Due to its promising effects after 6 months in the No.2
microcosm experiment, BC5-W was selected to be used in this experiment to compare
the effects of higher and lower biochar doses. BC14-M, miscanthus biochar was also
selected because of its high score, availability, and fast growing of the plant. In this
experiment, we aimed to apply higher biochar doses, namely 0 w/w % (control), 0.5 w/w
%, 1 w/w % and 2 w/w % to improve the acidic sandy soil properties. Initially, the total
weight of each microcosm was 3000 g.
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The microcosms were flower boxes (50×70×30 cm) covered with perforated foil at
room temperature in order to avoid excessive drying (Figure 11). The microcosms were
held at room temperature (22 °C±2 °C) and were wetted to 60% of the WHC with tap
water every 2 weeks and homogenized manually. The microcosms were set up in
triplicates.

Figure 11. Assembled microcosms for No. 3 microcosm experiment

The properties of the BC5-W and BC14-M biochars are shown in Table 2. The
properties of the acidic sandy soil (originated from Nyírlugos) are shown in Table 4.

4.4 Monitoring methodologies throughout the technology development
4.4.1 Characterization and ranking of 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 technology with
biochar. Since each step of technology development had different goals, the monitoring
methods were adapted to them. However, at each stage, the physico-chemical, biological,
and ecotoxicological parameters were examined with the multiparameter approach. 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 our main 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, water holding capacity (WHC), loss on ignition,
nutrient contents were measured, as well as the BET surface area, and the total pore
volume was also determined.
62

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 Unit/g biochar.
During ecotoxicity testing, two plant tests were carried out, one of which was a
commonly used test plant in ecotoxicology (white mustard, Sinapis alba) and the other
one an agriculturally important test plant with outstanding sensitivity (common wheat,
Triticum aestivum). Folsomia candida springtail 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 in Table 7, showing the
parameter ranges and the corresponding scoring. The applied integrated methodology is
shown in Figure 12.

Physico-chemical
methods

• pH
• Water holding capacity
• Loss on ignition
• Nutrient content
• total organic carbon
• total nitrogen
• ammonium-lactate-soluble P2O5 and K2O
• BET - sepcific surface area
• Sum pore volume
• Heavy metal content (XRF)

Biological methods

• Viability index (cell concentration of aerobic
heterotrophic bacteria and fungi)

Ecotoxicity tests

• Sinapis alba root and shoot inhibition
• Triticum aestivum root and shoot inhibition
• Folsomia candida lethality

Figure 12 Integrated methodology during the screening of biochars
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4.4.2 Monitoring methodology during the microcosm experiments
As at this stage the focus was entirely on the effects on the soil as a system and not
on the characterization and ranking of biochars, we examined the 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 tests were of paramount importance as well, since biochars
can have a considerable impact on the biological activity of soils through direct effects
(nutrient supply and porosity) and indirect (change in physico-chemical parameters)
processes.
Since soils treated with biochar can function as a good habitat for plants and
animals, a soil preference behavioural test was conducted using a modified Enchytraeus
albidus (potworm/white worm) avoidance test. In the case of microcosm No. 2, after the
1-year incubation, maize (Zea mays) was planted into the pots, and the chlorophyll
content of the developed plants was determined to assess the agronomic performance of
the biochar-treated soils. Figure 13 summarises the tests conducted in the microcosm
experiments. Because of overlaps in the applied tests during each experiment, colourcoded tick marks indicate the tests performed per experiment. ( - microcosm
experiment No.1,  - microcosm No. 2,  - microcosm No. 3).
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Physico-chemical
methods

• pH 
• Water holdig capacity
• Nutrient content 
• Total organic carbon
• total nitrogen
• ammonium-lactate-soluble P2O5 and K2O
• Loss on ignition 

Biological
methods

• Cell concentration of aerobic heterotrophic bacteria

• Cell concentration of aerobic heterotrophic fungi

• Biolog® Ecoplate™ test for estimating the activity
and functional diversity of soil bacterial community


Ecotoxicity tests

• Sinapis alba root and shoot inhibition 
• Triticum aestivum root and shoot inhibition 
• Folsomia candida lethality 
• Enchytraeus albidus soil preference 

Agronomic
efficiency

• Zea mays growth test (chlorophyll) 

Figure 13 Integrated methodology of the microcosm experiments. Tick marks indicate which test was performed in
which experiment, red tick mark – pot experiment; blue tick mark – No 1. microcosm experiment; yellow tick mark – No
2. microcosm experiment

65

4.4.3 Monitoring methodology during the field study
Based on the results 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 methods (Figure 14). At the last
sampling point (30th month) substrate-induced soil respiration measurement was
carried out to monitor the biological activity in the soils in addition to the previously used
tests.
During the field experiment, the study of nutrient contents and the biochar’s effects
on the N- and C-cycle was of paramount importance; thus the different N-forms (NH4-N,
NO3-N) and soil organic matter (through organic carbon) were also determined. During
the ecotoxicity testing, only the white mustard (S. alba) root and shoot inhibition test was
carried out due to its more prominent sensitivity to biochar-mediated changes. As animal
test organism the potworm was used in the previously well-performing avoidance test.

Physico-chemical
methods

• pH
• Water holding capacity
• Cation exchange capacity
• Nutrient content
• total organic carbon
• total nitrogen, NH4-N and NO3-N concentration
• ammonium-lactate-soluble P2O5 and K2O content
• Loss on ignition

Biological
methods

• Cell concentration of aerobic heterotrophic
bacteria
• Cell concentration of aerobic heterotrophic fungi
• Biolog® Ecoplate™ test for estimating the activity
and functional diversity of soil bacterial community
• Substrate induced soil respiration

Ecotoxicity tests

• Sinapis alba root and shoot inhibition
• Enchytraeus albidus soil preference test

Figure 14. The integrated methodology used in the field experiment
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4.5 Statistical evaluation
The statistical evaluation of the datasets was carried out with TIBCO Statistica™
13.4. software.
One-way analysis of variance (ANOVA) was performed, identifying significant
effects (p<0.05) in the case of the screening phase. Tukey’s honestly significant difference
test was applied 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 investigate whether the
biochar treatments, the soil type or sampling time and their interactions affect the given
soil parameter. Biochar treatment and soil types (where applicable) were considered
grouping factors (between-subject effect) and the within-subject factor were the
sampling times, which vary within the grouping factors. In cases where only one
sampling’s results were presented, a factorial analysis of variance (ANOVA) was
performed. In the case of the microcosm experiments, Fisher least significant difference
test and the case of the field trial Tukey’s honestly significant difference test was carried
out to compare the effects of the different biochar doses. The family-wise error rate was
0.05.
For the Enchytraeus albidus avoidance test one-way ANOVA was applied to
compare the number of animals at the two sides of Petri-dishes (in case of different
pairs). The avoidance is a binomial random variable; thus first, arcus sinus square root
transformation was applied to normalize the dataset. ANOVA was used for the
normalized data in TIBCO Statistica™ 13.4. software to see which factorial variables had
a significant effect on the number of animals on the two sides of Petri-dishes in the
avoidance tests.
The assumptions of the ANOVA analyses were checked and accepted. The selected
significance level was 0.05.
A short summary of statistical evaluation van be found in the Supplementary Material
(Section 9.4).
In the Results and discussion section, data 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. Results and discussion
One of the main issues nowadays in studying biochar as a soil amendment is to
upscale experiments and move from short-term, 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 scale-up technology development.
In the following sections, first, the related hypotheses for each step of the
technology development are presented. After that, the results are displayed in the order
of the technology development stages, starting with the screening-ranking phase,
followed by the microcosm 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 support the selection of
the most suitable biochar products as soil-improving 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 experiments were different in terms of treatment, size and
duration, the expected results and the hypothesis also varied from one microcosm
experiment to another.
Short-term microcosm experiment – No. 1
The main goal of the 2-weeks microcosm experiment was to 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 was hypothesised, that:
1. Based on its initial properties, the applied BC1-PFS 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 biochar in the two soil types would be different since
the initial physico-chemical properties of the soils were also different.
Mid-term microcosm experiment – No. 2
The main goal of this microcosm study was to assess and compare the long-term
effects of the three different biochars (BC1-PFS, BC2-PFSA, BC5-W) alone and in
combination with compost and fertilizer, furthermore to choose one biochar at an
applicable concentration range for the field study.
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We hypothesised that:
1. BC1-PFS having the highest score in the first phase will show promising long term
effects on the acidic sandy soil physico-chemical and biological properties,
without posing any threat to the soil-living organisms especially in combination
with NPK/compost.
2. BC2-PFSA would substitute the use of excess NPK due to its post-treatment (N,
compost and stone powder).
3. BC5-W, as one of the high score biochars in the first phase exhibiting favourable
properties, would be competitive with BC1-PFS on the long-term.
Mid-term microcosm experiment – No. 3
Based on the mid-term results of the No. 1 microcosm experiment, where the
BC5-W biochar performed well, another microcosm experiment was initiated aiming to
use higher biochar concentrations to compare the concentration-dependent responses
in each measured parameter. Due to its advantageous characteristics, BC14-M 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 physico-chemical parameters than the lower, previously trialled/tested
doses.
2. Biochar-treated soils would provide a suitable habitat for the soil-living organisms.
However, it was assumed that the concentration-dependent 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 physico-chemical and biological 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 physico-chemical 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 establishing the
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.

5.2.1 Results 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 risk-based application of biochars for soil improvement.
The biochars were 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 (ammonium-lactate-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, and the Viability Index was calculated from the cultivated bacteria and
fungi cell counts. Ecotoxicity tests were also carried out: root and shoot elongation test
with white mustard (Sinapis alba) and common wheat (Triticum aestivum), and mortality
test with the soil-dwelling springtail Folsomia candida.

5.1.1.1.
Characterization and evaluation of biochars in terms of technological
efficiency
Table 27 (in the Supplementary Material, Section 9.3) summarizes the results of the
conducted tests, and the most important properties are shown in separate diagrams
below (Figure 15−Figure 16).
All of the examined biochars have alkaline pH (Figure 15.a), except the BC2-PFSA
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 at higher temperature feature a
higher pH (biochars from BC5 to BC14) which is in line with the literature (El-Naggar et
al., 2019; Laghari et al., 2015). BC8-S, BC10-NB and BC6-V show 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 other 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. 1

Increased ash content 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 pH (Al-Wabel et al., 2018), which
in turn affects the mineral nutrition for plants and microorganisms among various other
soil properties. As a tendency, the biochars produced from grain husk and paper fibre
sludge (BC1-BC4) exhibit higher ash content than the plant-based biochars, probably due
to the high mineral content in the feedstock. As Laghari et al. (2016) stated, the evolution
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 (e.g., crop
residues). For acidic soils, additional alkalinity is welcomed 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 coarse-textured soils (Laghari et al., 2015). In our study, the
WHC of the examined biochars (Figure 15.b) ranges widely, in general, between 100%
and 200% with some outliers.

BC1-PFS: Grain husk and paper fibre sludge; BC2-PFSA: Grain husk and paper fibre sludge, post treated with
nitrogen, compost and stone powder; BC3-BCM: Grain husk and paper fibre sludge, post treated with digestate,
minerals; BC4-BCMO: Grain husk and paper fibre sludge, post treated with digestate, minerals and organic liquid;
BC5-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, BC12-SP: Spelts mixed with paper (2:1);
BC13-CM: Cow manure; BC14-M: Miscanthus
1
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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 number of
functional groups containing O and N is decreased, and the water-holding capacity of
biochar declines (Chen et al., 2019). In our case, no temperature-related tendencies were
studied. The biochars produced at low temperatures (BC1, BC2, BC3, BC4) feature lower
WHCs. The post-treated versions of the grain husk and paper fibre sludge-based biochar
(BC1-PFS), namely BC2-PFSA, BC3-BCM and BC4-BCMO furthermore the BC12-SP
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 BC8-S, BC13-CM,
and BC14-M, have incredibly high WHC, 312% 265% and 268%, respectively. 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., 2013)(Basso et al.,
2013)(Basso et al., 2013)(Basso et al., 2013).
In relation to the WHC, the evolution of BET surface area (Figure 16.a) and pore
volumes (Table 27) need to be also evaluated. These parameters play an important role
both in improving degraded soil’s hydraulic conditions as well as in nutrient retention.
According to Chen et al. (2019), the biochars’ specific surface area is usually in the range
of 1.5−500 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 increasing temperature, probably
as a consequence of the destruction of the microporous structure (Chen et al., 2019).
However, in our case, there is no noticeable trend considering the pyrolysis temperature.
Some of the biochars, namely BC1-PFS, BC6-V, BC7-BC. BC9-MP, BC11-WSD, BC14-M
have an exceptionally high specific surface area exceeding the 150 m2/g, which is the
value recommended by the International Biochar Initiative (IBI). Among these, the
biochar produced from miscanthus (BC14-M) 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 BC2-PFSA (4.6 m2/g), BC8-S (9.9 m2/g), and BC13-CM (8.7 m2/g).
The residual non-combustible component content usually depends on the
feedstock and 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 biochars (Tomczyk 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 BC1-PFS,
BC6-V, BC7-BC, and BC9-MP and BC14-M biochars.
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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 at 500°C, resulting in a honeycomb-like
structure with large pores. The biochar product is suitable for improving the nutrient
retention and WHC of coarse-textured soils (Laghari et al., 2016).
In the case of the Total Organic Carbon (TOC) content (Figure 16.b), only the grain
husk and paper fibre sludge- (BC1-PFS, 63.2%), woodscreenings- (BC5-W, 74.1) and
miscanthus-based (BC14-M, 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 post-treated versions of the BC1-PFS biochar had low TOC
values: BC2-PFSA, BC3-BCM, BC4-MO resulted in 20.8, 21.4, 22.6% TOC content,
respectively, probably due to their post-treatment, which reduces the amount of carbon
per unit mass of biochar. Except for BC2 and BC6, the 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 in the 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., 2018). These 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 of biochars have relatively low nitrogen
content (Sum N); however, BC1-PFS, BC2-PFSA and BC5-W with 1.49%, 1.37%, and
1.15%, respectively, which are the multiple of the average total N content, are highly
exceeding the rest. The composition of biochars varies 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., 2010). For this reason, the
total and available nutrient content of biochars varies largely. According to Chan and Xu's
(2009) review, the total N content of biochars ranges from 1.8 g/kg to 56.4 g/kg. For
example, the total N contents of biochars from sewage sludge (64 g/kg) (Bridle and
Pritchard, 2004) and soybean cake (78.2 g/kg) (Uzun et al., 2006) were much higher than
those from green wastes (1.7 g/kg) (Chan et al., 2007). On the other hand, despite the
high total N content, the mineral N was <2 mg/kg for the green waste and poultry manure
char compared to the total N of 1.7g/kg and 20 g/kg, respectively (K. Y. Chan and Xu,
2009) 1 t/ha biochar may approximately supply 1–20 kg N to the 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 the physico-chemical properties of the biochars: (a )specific surface area, (b) total organic
carbon content (c) sum nitrogen content, (d) C/N ratio, (e) ammonium-lactate-acetate soluble K2O, (f) P2O5.2

BC1-PFS: Grain husk and paper fibre sludge; BC2-PFSA: Grain husk and paper fibre sludge, post treated with
nitrogen, compost and stone powder; BC3-BCM: Grain husk and paper fibre sludge, post treated with digestate,
minerals; BC4-BCMO: Grain husk and paper fibre sludge, post treated with digestate, minerals and organic liquid;
BC5-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, BC12-SP: Spelts mixed with paper (2:1);
BC13-CM: Cow manure; BC14-M: Miscanthus
2
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The calculated C/N ratio of the biochars (Figure 16.d) ranges between 15.2 (BC2PFSA) and 297.3 (BC9-MP). BC1-PFS and the BC12-SP had similarly low C/N ratio (<50),
which could also be supported by statistics. Besides the extremely high C/N value (297.3)
of the meadow plants biochar (BC9-MP), 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 64. The 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 resulted in N immobilization (Clough et al., 2013;
Ippolito et al., 2012); therefore, the high C/N ratio is unfavourable in case of nutrientdepleted soils. According to Hamer et al. (2004), biochar stability is strongly correlated
to its C/N ratio which is influenced by the pyrolysis temperature and by the chemical
structure of the feedstock used (Hamer et al., 2004). In a study conducted by Gao et al.
(2019) biochar C/N ratio and biochar source (feedstock) strongly influenced the soil’s P
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 generally 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 acetate-lactate soluble K2O content: BC7-BC, BC9-MP,
and BC11-WSD contains 2887 mg/kg, 1622 mg/kg and 3084 mg/kg AL-K2O, respectively
and their similarity is also supported by ANOVA analysis. On the other hand, BC8-S
biochar has the highest K2O content, 35570 mg/kg, while the majority of the biochars
feature K2O contents between 7500 mg/kg and 21000 mg/kg. According to Chan and Xu's
(2009) review, the total K level of biochars ranges between 1.0 g/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 of biochar application (Chan et al., 2007; Lehmann
et al., 2003). As reported by several authors (Jones et al., 2012; Liu et al., 2012; Novak et
al., 2009), biochar at 10−25 t/ha rate may result in significant K content elevation in the
soils of temperate climate. There are considerable differences in the phosphorus content
of the studied biochars (Figure 16.f). All of the grain husk and paper fibre sludge-based
biochars (BC1, BC2, BC3, BC4) feature higher P2O5 content than the others. Similarly to
the previously discussed K2O content, the lowest values were measured in the wood
sawdust (BC11-WSD, 373 mg/kg), followed by the black cherry (BC7-BC, 403 mg/kg) and
meadow plants (BC9-MP, 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 origin (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 biomass (K. Y. Chan
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and Xu, 2009). The phosphorous content of biochar may range between 0.2–25 mg/kg
(Atkinson et al., 2010).

5.1.1.2. Evaluation of biochars in terms of environmental efficiency
When applying biochar to soil, 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 and shoot
elongation test with white mustard (Sinapis alba) and common wheat (Triticum
aestivum) and a mortality test with the springtail Folsomia candida was conducted to
provide ecotoxicity indicators. Table 28 shows the results of the 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, Zn (Table 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 the IBI recommendation for the above metals were exceeded in the
following biochars: Co in BC3-BCM, Cu, in BC13-CM, Ni in BC3-BCM, Zn in BC3-BCM, BC4BCMO and BC13-CM. 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, depending on
both the types of biochar and soil. The viability index may be a good indicator and
predictor for biochar-microorganism interactions, for example, colonization. Although
the biochars mostly have low bacteria and fungi counts, in a few cases, incredibly high
viability indexes were calculated (Figure 17.a). BC3-BCM and BC4-BCMO grain husk and
paper fibre sludge-based biochars, both post-treated with digestate and minerals, had
outstandingly high cell counts (19 914 and 12 132 respectively), probably due to the
organic compound-rich digestate post-treatment. BC6-V and BC8-S biochars, statistically
similar to each other, had the lowest viability indexes (<10). Furthermore, the rest of
biochars with low cell count (BC1, BC5, BC6, BC8, BC9, 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 biomass-based BC10-NB and the
miscanthus BC14-M 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 (0.85–1.15), therefore, healthy
mustard seedlings were developed on the following biochars: BC1-PFS, BC2-PFSA, BC9MP, BC12-SP, however, the following samples did not differ statistically significantly from
the previous ones either: BC4-BCMO, BC5-W, BC11-WSD, BC13-CM. The R/S ratio was
extremely high (>2) in several cases (BC3-BCM, BC6-V, BC7-BC, BC8-S) 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 by these biochars. Conversely, when the R/S ratio was <1 (in case of BC4BCMO and BC5-W, 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 rate.3

3

BC1-PFS: Grain husk and paper fibre sludge; BC2-PFSA: Grain husk and paper fibre sludge, post treated with
nitrogen, compost and stone powder; BC3-BCM: Grain husk and paper fibre sludge, post treated with digestate,
minerals; BC4-BCMO: Grain husk and paper fibre sludge, post treated with digestate, minerals and organic liquid; BC5W: 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, BC12-SP: Spelts mixed with paper (2:1); BC13-CM:
Cow manure; BC14-M: Miscanthus
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Due to the feedstock and the pyrolysis process, some biochars might pose a risk to
soil biota; therefore, the integrity of soil’s habitat function should be checked. BC2-PFSA,
the N-enriched, stone powder, and compost post-treated grain husk and paper fibre
sludge biochar provided an excellent habitat to the Folsomia candida animals, resulting
0% lethality in the mortality test (Figure 17.c). However, the majority of the biochars
induced various degrees of lethality. Among them, BC1-PFS, BC7-BC, and BC13-CM
resulted in only a slight, less than 21% lethality. The lethality rate was higher in the case
of the rest of the tested biochars, reaching the highest value, 67.5% for BC12-SP biochar.

5.2.2 Multicriteria scoring system and the scoring criteria
A scoring-ranking 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 point 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 process. In developing the Multi Criteria
Decision Support System, we 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 biochar as a 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 organic 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 from an agronomic point of view include gran size
distribution (texture), water content, water-holding capacity/drainage (Atkinson et al.,
2010; Githinji, 2014; Molnár et al., 2016; Uzoma et al., 2011). These parameters influence
the movement and retention of water, air and solutes in the soil, which subsequently
affect plant growth and organism activity (Delgado and Gómez, 2016).
The key soil chemical properties to be improved include pH (Jeffery et al., 2011;
Molnár et al., 2016; Xu et al., 2013; Zhao et al., 2015), cation exchange capacity (CEC),
organic matter content (Ozores-Hampton et al., 2011), available nutrient content (NPK)
(Basso et al., 2013; Steiner et al., 2008). Most soil chemical properties are associated with
the colloid fraction and affect nutrient availability, biota growing conditions, and, in some
cases, soil physical properties (Delgado and Gómez, 2016).
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The key soil biological parameters requiring 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 in the soil contribute to soil aggregation, structure and
porosity, as well as soil organic matter (SOM) decomposition and mineralization
(Delgado and Gómez, 2016). 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 nutrients cycling (Delgado and Gómez, 2016).
Assigning scores to the limit values of certain criteria was based 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 to the 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 biochar 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 system. Ecotoxicity tests applying plant and
animal test organisms also had an important role besides the toxic element content.

5.2.3 Presentation of the biochar scoring-ranking system
Quality assessment of various biochar types requires in addition to the physicochemical criteria, consideration also of the ecological aspects (X. Domene et al., 2015;
Jeffery et al., 2015; Molnár et al., 2016; Oleszczuk et al., 2013; Tammeorg et al., 2016). It
has been recognised (Jeffery et al., 2015; Molnár et al., 2016), that in order to understand
the ecological and physico-chemical effects of biochars when applied to soils, biochars
should be investigated on a „char by char basis.” As recommended by Meyer et al. (2017),
there is a need for systematic research to use suitable biochar quality grades for different
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 accordingly (Glaser et al., 2017; Tammeorg et al., 2016).
The production and application of biochar are still not regulated adequately at
national and international levels. Voluntary biochar 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 which are
intended to be used internationally.
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A recent expert assessment 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 effects 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 from -5 points to
+5 points in the 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 view – as we described
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 both acidic 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
received a higher score, and the score „0” was assigned to the 6.1−7 pH range. Below pH
6.1, negative scores were assigned. In the case of neutral sandy soil improvement, the „0”
score was assigned to the pH 6.1−8 values interval. No positive score intervals have been
set for neutral soils because pH improvement is not needed in this case. Because the high
WHC of the biochar is a positive attribute, 0 score was assigned to the biochar with WHC
ranging between 51−70%, meaning that the biochar can hold water of at least 50% of its
dry weight. Even though low WHC 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
been set with zero points for the 51−60% TOC range. The biochars exceeding 85% TOC
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 0.3-0.99% N content, and all the biochars having
higher than 1% total N content received 1 point. Lehmann et al. (2015) reported that
the biochars’ C/N ratio varies between 7 and 400, with a mean of 64 (Lehmann et al.,
2015); therefore 0 score was given for the 50–100 C/N interval. The scale was, however,
balanced since the score scale for the C/N ratio did not include the +5, or -5 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 AL-P and AL-K favouring high nutrient
contents; the biochars with low P and K content (500 and 1000 mg/kg, respectively) got
negative 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; therefore, the 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 content received a
negative score.
Since pore volume of biochars has a considerable 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 for the 0.07–0.10 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, which reached this value, were given a score of 5. The value
of 51–80 m2/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 1.6-fold limit value exceedance. Above this exceedance limit,
negative scores were assigned. The viability index showing the sum of the number (in
Colony Forming Unit – CFU/g biochar) of cultivated bacteria and fungi represents a
combination of many different factors (nutrient supply, porosity, toxic element content,
etc.). The viability index scale assigned “0” score for the 801–1200 range, which
represents the high amount 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 score (-5) was
given to biochars causing 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 less than 10% mortality. “0” score was
assigned for the 10–30% mortality range. Once the mortality became <30%, negative
scores were assigned down to -5 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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Table 7 Intervals of the created scoring system to determine scores for the various parameters assessed

Ash content b [%]

WHC [%]

BET c [m2/g]

Sum pore volume
[cm3/g]

TOC [%]

Sum N [%]

C/N ratio

AL-P [mg/kg]

AL-K [mg/kg]

Toxic element
concentration d
Co, Cr, Cu Ni, Zn
[mg/kg]

Viability index
[CFU*10-3/g]

–

–

–

200<

150<

0.16<

85<

–

–

15000<

15000<

No limit value
exceeded

2000<

<0
(stimulation)

<10

3

7.1–
8

–

35<

–

101–
200

101–
150

0.13–
0.16

71–85

–

10–30

7501–
15000

10001–
15000

Max. 1.2 times limit
value exceeded

1600–2000

0–20

10–20

–

25.1–
35

5–15

71–
100

81–
100

0.10–
0.13

61–70

>1

31–49

1501–
7500

5001–
10000

Max. 1.4 times limit
value exceeded

1201–1600

21–30

6.1–
8

15.1–
25

15.1–
25

51–70

0.3–0.99

50−100

31–50

0–0.29

101−
199

Max. 1.6 times limit
value exceeded
Max. 1.8 times limit
value exceeded

21–30

31–50

3001–
5000
1000–
3000

31–40

25<

1001–
1500
501–
1000

801–1200

5–15

0.07–
0.10
0.04–
0.07

51–60

–

51–
80
31–
50

401–800

41–50

31–50

<5

–

<30

11–
30

0.01–
0.04

11–30

–

>200

<500

<1000

Max. 2 times limit
value exceeded

0–400

51–80

51–80

–

–

–

<10

–

<10 %

–

–

–

–

More than 2 times
limit value
exceeded

–

80<

80<

1
6.1–
7

0
-1

-3

5– 6

5–6
8.1–
9

-5

<5
a
d

<5.
9<

aiming acidic soil improvement
based on IBI Recommendations

b
e

aiming neutral soil improvement
Inhibition percentage

c

based on the EBC Guideline
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F. candida
lethality e [%]

Ash content a [%]

8<

Plant growth

pH b

5

inhibition e [%]

pH a

Characteristics of biochars - Environmental efficiency

Score

Characteristics of biochars - Technological efficiency

5.2.4 Summary of biochar characterization and ranking
The main goal of the biochar-screening phase was to get a broad picture of the potential
suitability of the tested biochars for soil improvement; therefore, we measured the biochar
parameters, which were 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 columns of Table 8 show the total
scores calculated from two different aspects: a) aiming acidic soil improvement b) aiming neutral
soil improvement.
BC1-PFS 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 nitrogenenriched and stone powder and compost post-treated version (BC2-PFSA; 48 scores). The
ranking order of these two biochars was the same when scoring for neutral soil improvement:
(BC1-PFS - 43 scores, BC2-PFSA - 40 scores).
Woodscreening biochar (BC5-W, 36 total scores) was ranked as the third for acidic soil
improvement, followed by the black cherry wood biochar (BC7-BC, 33 total scores) and the
miscanthus (BC14-M, 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 support the 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 biochars, the best-performing BC1-PFS was
chosen for both a short-term microcosm experiment (No. 1, Section 5.3.1) to test the efficacy of
the hypothesised positive effects on acidic and neutral sandy soil, and a mid-term 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, Section 5.3.2) the
biochars ranked in the second (BC2-PFSA), and the third (BC5-W) place were also involved. In
the last mid-term microcosm experiment (No. 3, Section 5.3.3) not only BC5-W were used in
higher doses, but also the biochar ranked on the fifth place (BC14-M) to compare their
applicability. BC14-M was chosen for the microcosm experiment instead of the higher-ranking
BC7-BC (black cherry wood) because its promising basic properties and availability.
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Table 8 Summary of the assigned scores in the pre-screening phase of the technology development

Ash content a [%]

Ash content b [%]

WHC [%]

BET [m2/g]

Sum pore volume
[cm3/g]

TOC [%]

Sum-N [%]

C/N ratio

AL P [mg/kg]

AL K [mg/kg]

Toxic element - Co

Toxic element - Cu

Toxic element - Cr

Toxic element - Ni

Toxic element–Zn

Viability index

Root

Shoot

Plant growth 2. Wheat
root

F. candida lethality

SUM (acidic)

SUM (neutral)

BC1-PFS

5

-3

3

-1

3

5

3

1

1

1

1

1

5

5

5

5

5

1

0

5

-3

3

55

43

BC2-PFSA

0

0

3

-1

3

-5

-3

-3

1

3

1

5

5

5

5

5

5

5

0

5

-1

5

44

40

BC3-BCM

5

-3

3

-1

3

0

-1

-3

0

1

1

1

-5

3

5

-1

-5

5

3

1

-5

0

11

-1

BC4-BCMO

5

0

3

-1

3

-3

-3

-3

0

3

3

1

5

5

5

5

-5

5

-5

-3

-5

0

16

7

BC5-W

5

-5

0

0

3

5

-1

3

1

0

1

5

5

5

5

5

5

0

-5

-3

-3

0

36

26

BC6-V

5

-5

0

0

3

5

3

0

0

-1

1

5

5

5

5

5

5

-3

-5

-5

-5

-1

27

17

BC7-BC

5
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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,
selected biochar 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. Short-term effects of grain husk and paper fibre sludge biochar on acidic and
calcareous sandy soils in a microcosm experiment (Microcosm experiment No.
1)
The aim of this short-term (2 weeks) microcosm experiment was to compare the
applicability and the effects of the best-performing grain husk and paper fibre sludge biochar
in the first phase on acidic, and calcareous sandy soil at 0.5 w/w%, 1w/w% and 1.5w/w%
applied concentration.

5.3.1.1.

Impact of biochar on the physico-chemical properties of the soils

As shown in Fig 1.a, after two weeks of incubation, the pH of the acidic sandy soil
increased significantly upon biochar addition. The highest value (5.9) was measured in the
case of the 1.5 w/w% biochar treatment, which is a 1 pH unit increase compared to the
control. In the calcareous soil, no significant difference was detected among the pots (Figure
18.a). As reported in previous studies (Xu et al., 2013; Zhao et al., 2015), biochars may have
a raising effect on the pH of the soil (especially in acidic soils) due to their general 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 with a higher initial pH (7.9). The
applied biochar had an initial 60% ash content too, 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 0.99% 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. 14−18%) 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 (LoI) values (DeLuca et
al., 2012; Sohi et al., 2010).
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According to the results 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 visible from the raw data without the statistical analysis
(Table 9).
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Figure 18 Changes in the physico-chemical properties during the microcosm experiment No. 1: (a) pH, (b) Humus content, (c)
Ammonium-lactate soluble K2O content, (d) Ammonium-lactate soluble P2O5 content, (e) Water Holding Capacity.
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The changes in plant-available K2O and P2O5 (Figure 18.c and Figure 18.d) indicate a
similar trend, and each applied 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 K2O content and 2.24 times higher P2O5
content than the acidic sandy soil. The highest K2O concentration was measured in the 1.5
w/w% biochar-amended acidic sandy soil pot (151.3 mg/kg), with an approx. 4.5-fold
increase compared to the control. According to the literature, this difference in the K 2Osupply between the acidic sandy and calcareous sandy soils can be attributed to numerous
factors including soil type, texture, pH, OM, CEC and concentration of calcium (Gunarathne
et al., 2017; Han et al., 2019; Wang et al., 2018). According to Gunarathne 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 soil to hold potassium (Gunarathne et al., 2017).
1.5 w/w% BC caused a significant 71% and 46% increase in the P2O5 content of the
acidic and calcareous sandy soil, respectively, compared to the control. Biochar can affect the
AL-P2O5 in the soil through a number of pathways and mechanisms, such as a modifier of soil
pH, ameliorating the P-complexing metals, providing a direct source of soluble and
exchangeable phosphorous and also as microbial activity and P-mineralization agent. As the
availability of P is highly pH-dependent, this difference can be attributed to the different pH
of the soils. In line with this, Glaser and Lehr (2019) reported that addition of biochar to
acidic (pH < 6.5) and neutral soils (pH 6.5–7.5) significantly increased plant-available
phosphorous, while there was no significant effect in alkaline soils (pH > 7.5) (Glaser and
Lehr, 2019).
The factorial ANOVA analysis of the pH, AL-P2O5 and AL-K2O 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 (Table 9).
The results revealed that the studied biochar might be a source of organic matter,
phosphorous, and potassium both for the low-quality 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 K2O and P2O5 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 (Figure 18.e) increased more in the acidic sandy soil, at 1
w/w% and 1.5 w/w% BC concentrations (approx. 10% increase compared to the control),
however no significant increases were observed.. The factorial ANOVA showed that only the
soil type had a significant influence on the WHC (Table 9), but not the BC treatment.
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5.3.1.2.

Impact of biochar on the biological activity of the soils
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The parameters calculated from the results of the Biolog® EcoPlate™ test (Figure 19.a
and Figure 19.b), the AWCD and Substrate Number show an elevated biological activity 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 and 1.5 w/w% BC
treatment (22% and 25% respectively), in contrast to the acidic soil, where none of the
detected increments was statistically significant. In case of the Substrate Number (Figure
19b), the 1.5 w/w% BC addition caused the highest and a single significant increase in the
acidic sandy soil (28%), nevertheless, in case of the calcareous soil, the 1w/w% BC addition
resulted in the highest value with a similar, 26% significant increase compared to the control.
Based on the factorial ANOVA (Table 9) both the soil type and the biochar treatment had a
significant effect on both the AWCD and Substrate number, however, only in case of the
substrate number was this effect different 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 (AWCD) and (b) Substrate Number from the Biolog® EcoPlate™ 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/w% biochar addition increased the cell numbers by 52% in the 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 soils (Table 9), meaning that 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 physico-chemical properties of the soil itself biochar amendment
in soils can enhance their biological activity and microbial abundance (Gul et al., 2015). This
enhancing effect is observable in both the aerobic heterotrophic cell numbers and the results
of the Biolog® EcoPlate™ method in case of both soils, especially at higher BC application
rates.

5.3.1.3.

Impact of biochar on the ecotoxicity of the soils

The potential toxic effects of biochar have to be tested from the perspective of
environmental safety (Oleszczuk et al., 2014, 2013).
To assess these effects, elongation tests were carried out 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 experienced stimulation. In the acidic sandy soil, the
1 w/w% and 1.5 w/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 0.5 w/w % BC addition did not affect, the 1 w/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 types. In the case of the
common wheat, the effect of biochar was the same in the acidic and the calcareous sandy soil
(Table 9).
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Figure 20. Changes in the (a) white mustard – Sinapis alba and (b) common wheat – Triticum aestivum root elongation in the
microcosm experiment No. 1.
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To study the potential adverse effects on other trophic levels of the ecosystem and to
assess influences on the soil as a habitat, the Folsomia candida mortality 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 soil-living animals.
Table 9 Factorial ANOVA results to evaluate the effects of soil type and biochar treatment on the examined parameters in the
microcosm experiment No. 1 (p<0.05).

pH
Soil
Treatment
Soil x Treatment
H%
Soil
Treatment
Soil x Treatment
AL-K2O
Soil
Treatment
Soil x Treatment
AL-P2O5
Soil
Treatment
Soil x Treatment
WHC
Soil
Treatment
Soil x Treatment

d.f.

Mean
Square

F ratio

p-value

1
3
3

36.08
0.31
0.24

8765.5
75.1
59.0

0.000
0.000
0.000

1
3
3

0.94
0.03
0.00

321.69
9.07
0.45

0.000
0.001
0.720

1
3
3

1802.9
6437.5
683.0

320.06
1142.82
121.24

0.000
0.000
0.000

1
3
3

33394.2
2801.8
217.9

2569.22
215.56
16.77

0.000
0.000
0.000

1
3
3

700.57
5.01
2.68

224.32
1.60
0.86

0.000
0.245
0.492

AWCD
Soil
Treatment
Soil x Treatment
Substrate number
Soil
Treatment
Soil x Treatment
Mustard root
Soil
Treatment
Soil x Treatment
Wheat root
Soil
Treatment
Soil x Treatment
Bacteria CFU
Soil
Treatment
Soil x Treatment
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d.f.

Mean
Square

F ratio

p-value

1
3
3

0.07
0.01
0.00

27.47
5.92
1.83

0.001
0.016
0.212

1
3
3

87.12
7.34
7.08

48.46
4.08
3.94

0.000
0.028
0.031

1
3
3

151.69
86.12
32.44

37.8
21.46
8.08

0.000
0.000
0.003

1
3
3

81.36
26.52
6.76

40.82
13.30
3.39

0.000
0.000
0.051

1
3
3

2.76E+13
2.88E+12
9.08E+11

27.67
2.89
0.91

0.001
0.102
0.478

5.3.1.4.

Comparative evaluation of the treatments

As a short-term result, it can be stated that the applied biochar doses proved to be
effective for improving both soils' physico-chemical 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 acidic pH.
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, to the plant growth
tests, in the case of the F. candida springtail mortality test, no significant inhibition was
detected.

5.3.2. Mid-term effects of grain husks and paper fibre sludge, post-treated grain
husks and paper fibre sludge and woodscreenings biochars on acidic 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 mid-term 12-month long laboratory microcosm experiment. The
applied biochars originated from different feedstocks (grain husk and paper fibre sludge
(BC1-PFS), the post-treated version of grain husk and paper fibre sludge (BC2-PFSA) and
woodscreening (BC5-W) and were applied in three different concentrations (0.1w/w%,
0.5 w/w%, and 1 w/w%) and in combinations with other soil additives (compost, NPK).
The alkaline pH, as well as the relatively high WHC and BET surface area of BC1-PFS
and BC5-W biochars, made these products potentially useful ameliorants for degraded acidic
sandy soil. The nutrient content (NPK) of all three biochars indicates the possibility to utilise
them as soil additive when NPK depletion is a concern.
It has been hypothesised, that due to the higher combined nutrient- and easily
accessible carbon source supply, increased porosity and 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 synergistic (Fischer and Glaser, 2012; J. Liu et al., 2012) and
altruistic (Seehausen et al., 2017) effects between biochar and compost have been presented.

5.3.2.1.

Impact of treatments on the physico-chemical properties of the 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 study (Figure 21).
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Biochars generally feature alkaline pH (Table 2) and the alkaline pH may have a raising
impact on the soil pH, as reported in previous studies (Jeffery et al., 2011; Sohi et al., 2010;
Zhao et al., 2015) especially in acidic soils. The highest pH levels were measured after one
year in the microcosms treated with 1 w/w% BC5-W and 1 w/w% BC1-PFS biochar and also
combined with compost (0.5 w/w % BC5-W+C and 0.5 w/w% BC1-PFS+C). In the latter cases,
the pH increased by 0.7-0.9 unit compared to the untreated control, probably due to the
higher alkaline pH of these products (pH of BC1-PFS: 8.8, and BC5-W: 9.3) compared to BC2PFSA biochar (pH=6.8). The compost addition resulted in greater pH levels both in
combination with BC1-PFS and BC5-W biochar compared to the 0.5 w/w% biochar treatment
alone (0.3 unit). Similarly, D’Hose et al. (2020) found higher pH values in the case of
combined application of compost and biochar, which is traced back to the fact that by using
the two additives together a higher liming potential is achievable.. (D’Hose et al., 2020). This
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 the NPK 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% BC5-W) was higher than after two months of
incubation, and almost all of the treatments caused greater pH levels after one year
compared to the start of the study. The post-treated grain husk and paper fibre sludge
biochar (BC2-PFSA) also performed well, especially at 1 w/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 amendment (Barnes et al.,
2014; Basso et al., 2013; Karhu et al., 2011; Wang et al., 2016) especially in coarse-grained
soils (Barnes et al., 2014).
The BC1-PFS biochar treatment at 1 w/w% and 0.5 w/w% combined with compost
caused significant enhancement (in the 12th month approx. 15% compared to the control) in
the water holding capacity during the full duration of the experiment (Figure 22). By the 12th
month, the 0.5 w/w% biochar treatment alone also showed a 10% significant increase
compared to the control. The combined application of BC1-PFS biochar with compost was more
efficient than BC1-PFS biochar addition alone at 0.5 w/w%. Similar to our findings, Liu et al.
(2012) reported that biochar and compost applied together had a positive synergistic 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 strengthens 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 combination (Fischer and Glaser, 2012; Somerville et al., 2020).
This could be a result of compost decomposition and utilization as an energy source for the
increased fungal abundance, supported by the presence of biochar which 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 BC5-W biochar, the WHC increasing effect was stronger on the short term
(approx. 25% after two months, also combined with compost) as also reported by Zainul et
al. (2017) when using wood-derived biochar (Zainul et al., 2017).
However, on the mid-term, the increase (compared to control) was approximately 13%
(1% BC5-W). After 12 months, only the 1 w/w% BC5-W and the combined 0.5 w/w % BC5W+NPK treatment had a significant increasing 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 biochars (Liu et al., 2013).
The porosity of BC1-PFS and BC5-W biochar products (Table 2) may have resulted in a
visible, sudden increase of soil water holding capacity noticed already at the start and after
the 2nd month. Both the grain husk and paper fibre sludge biochar (BC1-PFS), and the
woodscreening (BC5-W) biochar have higher total pore and micropore volumes than the
BC2-PFSA biochar, 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 soil structure-forming processes, which may include association with soil organic
matter and enhanced aggregation, contributing to an improved habitat for soil
microorganisms (Burrell et al., 2016).
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The BC2-PFSA biochar had no significant effect on the short term, but after one year,
the water holding capacity of the 0.5 w/w% BC2-PFSA treated microcosm was as high as of
the 0.5 w/w% BC1-PFS biochar-compost treated soil. Also, all of the BC2-PFSA treatments
showed significant WHC increase (13–17% compared to the control). The WHC increase may
have resulted from the biochar surface area alteration due to decomposition and
consumption of the post-treatment materials (compost, nitrogen, and rockstone powder) by
the soil's biome.
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Figure 22 Changes in the WHC during the microcosm experiment (No. 2).

The short-term (2 months) evolutions of the nutrient contents of the soils are shown
in Figure 23. As it can be seen, the ammonium-lactate-acetate soluble K2O content (AL-K2O;
Figure 23.a) increased proportionally to the applied biochar concentration in the case of
BC1-PFS and BC5-W, but not in the case of BC2-PFSA. From all the microcosms treated with
the same biochar, the 1 w/w% dose of both BC1 and BC5 biochars resulted in the highest K2O
content (103% and 87% increase compared to the control, respectively).
As shown in Figure 23.b, the addition of compost has a great effect on the AL-P2O5
content, as the compost-treated acidic sandy soil features approx. two times higher
phosphorous content than the untreated control. In the case of this parameter, the BC2-PFSA
biochar performs as the best probably due to the post-treatment involving compost, with the
highest, 2.7-fold increase at 1% applied concentration. The BC1-PFS biochar at 0.5 and 1
w/w% shows a significant increase compared to the control, but treatment combined with
compost goes beyond them (28%, 71% and 131% increase compared to the control). The
wood-based BC5-W treatment did not change the AL-P2O5 content of the soil, when applied
on its own, as it has the lowest initial P-content from the three applied biochar (Table 2, 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 plant-available nutrients once applied to the soil (Sohi
et al., 2010); thus, biochar can be used as a soil amendment to improve soil fertility and crop
productivity. Some previous studies attributed this function to the ability of biochar to retain
nutrients in soils (Basso et al., 2013; Beesley et al., 2011; Lehmann 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 in the case of both biochars resulted
in higher nutrient contents than applied these two additives separately, which is in line with
a study conducted by D’Hose et al. (2020) and Liu et. (2012). They both reported a
synergistic effect between compost and biochar on the pH (D’Hose et al., 2020), which is
closely related to nutrient availability, as it is highly pH-dependent. Therefore the increased
nutrient content can be due to the increased pH and elevated microbial activity.
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Figure 23 Changes in the ammonium-lactate-acetate soluble K2O (a) and P2O5 (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 biochars (Figure 24). Interestingly, after two months,
the initial high increases upon 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 on soil carbon stores. This is especially true for the BC1-PFS 1 w/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, especially in the long term. This increase compared
to their individual application can be originated from the increased microbiological activity
(Table 10) and biomass.
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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 have significant effects on the above discussed physico-chemical
properties. The effect of treatments differs at different sampling times (Table 11), meaning
that the effect of biochar on these parameters changes over time.

5.3.2.2.

Impact of treatments on the biological parameters of the soil

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 changes in cell numbers.
Soil microbial activity, the concentration of soil microorganisms is one of the most
sensitive 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 soil-living 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 (after 2 months) the BC1-PFS biochar at 0.5 w/w%
combined with compost had a favourable effect on soil bacteria (approx. 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 (2012) summarized, the combined application of compost and
biochar for soil improvement can enhance soil microbiological activity through providing
easily degradable carbon source via the compost and preserving habitat and additional
nutrients in the form of biochar. The synergistic effects of these additives on the above
mentioned key soil physico-chemical properties (pH, WHC, nutrient content and availability,
aggregate stability) provide an excellent niche for the microbes not only the short but also
on the long term (Fischer and Glaser, 2012).
However, the beneficial effects upon the addition of woodscreening biochar were
particularly noticeable after one year. At the end of the incubation period amendment with
0.5 w/w% and 1 w/w% BC5-W biochar (without other additives) resulted in approx. 160% and
120% increase, respectively, but at this time point, the BC5-W biochar at 0.5 w/w% combined
with NPK resulted in the highest bacterial cell concentration (450% compared to the K). This
effect was attributed to the joint application of BC5-W and NPK because this combination
resulted in significantly different outcomes compared to the individual application of
biochar.
Our findings on the improvement of bacterial abundance upon one year BC5-W biochar
treatment were similar to Gul et al. 's (2015), who reported that high production
temperature, slow pyrolysed wood-derived biochars with low nutrient contents (and other,
lignocellulose-rich biochars) exhibited their 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 wood-derived biochars. The BC5-W
biochar was produced at high temperature (700 °C), resulting in larger pores (Ameloot et al.,
2013; Gul et al., 2015) and low volatile content. The bacterial cells can possibly colonise these
larger holes after biochar addition due to the labile carbon content and the higher amount of
available nutrients caused by the pH increase. These biochars may attract and retain
nutrients, which can be stored in its micro- and mesopores, but the nutrients are inaccessible
to the microorganisms due to the small pore size, leaving the microbes in a nutrient-poor
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, and may possibly be released after one year of incubation.
Considering the results of biochar treatments without compost and fertiliser, the BC1PFS biochar had the most favourable influence on soil bacterial activity (Table 10), especially
after one year, when the 1 w/w% addition caused a 250% increase compared to the control.
The surface areas and pore volumes of biochars are critical properties considering soil
quality due to its influence, for example, on water holding capacity, nutrient cycling, and
microbial activity. The large surface area (175 m2/g) and the high total micropore volume
(0.063 cm3/g) in the case of BC1-PFS biochar (Table 3) may possibly create a favourable
habitat for soil bacteria and their colonisation.
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At the same time, the beneficial influence of the surface area and pore volumes in the case of
BC1-PFS biochar may be manifested through its indirect effects. On the other hand, lowtemperature biochars feature high volatile content that is easier 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 BC1-PFS biochar (450–500°C) was easier to degrade, resulting
in elevated bacteria concentration throughout the experiment.
The post-treated grain husk and paper fibre sludge biochar (BC2-PFSA) at high doses
significantly increased both the bacteria and the fungi number on the short term, but these
results were no longer observable after 12 months. This short-term effect is likely due to the
post-treatment of this biochar with compost, nitrogen, and rockstone powder, serving as a
readily available nutrient for soil microorganism.
Table 10 Changes in cell concentration during the microcosm (No.2) experiment. Data represent averages of three replicates
Bacteria [CFU/g soil]
Treatments

Fungi [CFU/g soil]

Start

2nd month

6th month

12th month

Start

2nd month

6th month

12th 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

BC1-PFS 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

BC1-PFS 0.5%

2.4E+06(*)

2.5E+06

5.4E+05

4.3E+05

1.8E+06 (*)

7.5E+05

4.7E+05

6.4E+05

BC1-PFS 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

BC1-PFS 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(*)

BC1-PFS 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(*)

BC5-W 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

BC5-W 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(*)

BC5-W 1%

2.8E+06(*)

2.2E+06

7.6E+05

8.3E+05

9.0E+05

8.3E+05

1.3E+06(*)

2.7E+06(*)

BC5-W 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

1.9E+06

2.1E+06

7.8E+05

3.9E+06(*)

1.1E+06

3.7E+05

5.6E+05

1.5E+06(*)

BC2-PFSA 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

BC2-PFSA 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

BC2-PFSA 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

BC5-W 0.5%+NPK

Fungi numbers also showed different responses at the different biochar rates, both on
the short and the long term (Table 10). At the start, significantly higher fungi concentrations
were measured in the 1 w/w% BC2-PFSA and in all the BC1-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 BC2-PFSA biochar treatments: all
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of the treatments increased the fungi number compared to the untreated control after 6
months (1.5–2.25 times higher proportionally with increasing concentrations), but none of
these effects were significant after one year. BC2-PFSA biochar at 0.5 w/w% and 1 w/w% rate
increased the fungi number by approx. 25% and 46%, respectively.
On the other hand, BC5-W biochar treatment had a significant influence on the fungi
number after 12 months too. In the case of 1 w/w%, BC5-W, and 0.5 w/w% BC5-W+NPK
treatments, the fungal cell concentrations were 5 and 3 times higher, respectively, compared
to the untreated soil at the end of the one-year 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 CFU, and the effect of BC is different in the investigated time
points (Table 11) meaning that the efficacy if the biochar treatment changes over time.
High fungal-bacterial ratio was found in the case of wood-derived biochar (BC5-W)
after 6 and 12 months (1.7 and 3.3, respectively), compared to BC1-PFS and BC2-PFSA
biochars with lower fungal-bacterial ratio (<1.5). Luo et al. (2017) found a higher fungalbacterial ratio upon maize straw biochar addition, similarly to our results, suggesting that
the high biochar addition rates might rather increase fungal than bacterial diversity (Luo et
al., 2017). The BC5-W-mediated enhanced fungal-bacterial 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 changes in the physiology of
the microbial biomass (Six et al., 2006).
Table 11 RMANOVA results over time to evaluate the effects of biochar treatments on the examined parameters in the
microcosm experiment No. 2 (p<0.05).
d.f.
pH
Treatment
Time
Time x Treatment
WHC
Treatment
Time
Time x Treatment
Bacteria CFU
Treatment
Time
Time x Treatment
Fungi CFU
Treatment
Time
Time x Treatment

Mean Square

F ratio

p-value

15
3
45

0.85
0.87
0.10

90.21
55.81
6.43

0.000
0.000
0.000

15
3
45

10.1
48.1
8.0

6.46
18.34
3.05

0.000
0.000
0.000

15
3
45

1.05E+12
2.80E+13
9.00E+11

10.37
239.07
7.67

0.000
0.000
0.000

15
3
45

2.72E+11
1.60E+12
2.73E+11

19.28
48.83
8.34

0.000
0.000
0.000

Loss on Ignition
Treatment
Time
Time x Treatment
Mustard root
Treatment
Time
Time x Treatment
Mustard shoot
Treatment
Time
Time x Treatment
Wheat root
Treatment
Time
Time x Treatment
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d.f.

Mean Square

F ratio

p-value

15
3
45

0.25
0.23
0.03

12.74
17.45
1.93

0.000
0.000
0.013

15
3
45

130.88
476.71
26.94

14.72
92.06
5.20

0.000
0.000
0.000

15
3
45

7.98
110.70
18.25

3.52
44.90
7.40

0.004
0.000
0.000

15
3
45

112.34
1834.91
40.79

14.39
304.29
6.76

0.000
0.000
0.000

The combined application of 0.5 w/w% biochar treatments (BC1-PFS and BC5-W) with
compost resulted in higher bacterial cell concentrations than both the individual compost
and the 0.5 w/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
combined treatments caused an improvement in the soil physico-chemical properties (water
holding capacity, pH, and other non-measured properties), which may have indirectly
resulted in the elevation of bacterial cell concentrations.

5.3.2.3.

Impact of treatments on the ecotoxicity of the soil

Biochars may stimulate or inhibit root and shoot elongation (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 (Bouqbis 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 2nd month, this
slight positive effect was only observable in the microcosms containing higher BC1-PFS
biochar doses (22 and 33% increase upon 0.5 w/w% BC1-PFS and 1 w/w% BC1-PFS
application, respectively) and in 0.5 w/w% BC5-W and BC5-W combined with NPK and
compost (21, 38 and 28%, respectively).
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Figure 25 Changes in Sinapis alba (white mustard) root elongation – increase in percentage compared to control in the
microcosm experiment (No. 2).

However, this stimulating tendency dropped by the 6th month. BC1-PFS and BC5-W
biochars stimulated root growth by the end of the experiment, especially the wood screening
(BC5-W) biochar at 0.5 w/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 BC5-W biochar, and this could be a result of the late nutrient release. The 1 w/w%
BC1-PFS biochar amendment increased root and shoot elongation by 75% and 37%,
respectively, compared to the untreated control. The post-treated grain husk and paper fibre
sludge biochar enhanced the root and shoot growth of mustard at the start, but no effect was
detected after one year.
The shoot elongation test (Figure 26) showed that 1 w/w% BC1-PFS treatment led to
the longest shoots starting with the 2nd month of the experiment (36% increase by the 12th
month compared to the control).
BC5-W biochar had a similar effect on shoot elongation than on root elongation: after
nd
the 2 month, first a decrease and then an increase was observed, compared to the control,
presumably due to the nutrient release. By the 12th month, the elongation was approx. 25–
30% in the case of all BC5-W biochar treatments without compost and fertiliser, but the BC5W+NPK combination resulted in approx. 40% increase. The stimulating effect of the BC2PFSA biochar during the first half of the experiment ceased by the end of the experiment.
Start

2nd month

6th month

12th month

Sinapis alba shot increase percentage [%]

50

*

30
20

*

**

40

**

*

*

*

*

*

* *

*
**

*

*

*

*

10
0

*

*

**

*

**

*

-10
-20

-30

Treatments

Figure 26 Changes in Sinapis alba (white mustard) shoot elongation – increase 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 (0.85–1.15), the seedling can be considered
healthy. During the experiment, the untreated control's root/shoot ratio was around 0.8,
similar to the BC2-PFSA biochar treatments (except BC2-PFSA 0.1 w/w% and 0.5 w/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 NPK-complemented
controls (Control+C, Control+NPK) showed healthier seedlings than in the untreated control.
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Sinapis alba root/shoot ratio

This can be due to the fact that only the half of the recommended fertilizer and compost
quantity was used in the experiment to avoid the masking of the biochars’ individual effects
when used in combinations; thus the applied dose of NPK and compost alone was not enough
to efficiently improve the degraded acidic sandy soil’s quality for the seedlings. The
healthiest seedlings were grown after 12 months in the soils of the BC1-PFS 0.5 w/w %, BC1PFS 1 w/w %, BC5-W 0.1 w/w%, BC5-W 0.5 w/w% treatments, and in biochar-compost and
biochar-NPK treated soils. Higher R/S ratio than the other treatments (>1.4) was obtained
in the case of the BC5-W biochar amendment at 1% treatment dose, meaning that the 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.
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Figure 27 Sinapis alba (white mustard) root/shoot ratio throughout the microcosm experiment (No. 2).

In the case of the wheat seedling test (Triticum aestivum), all of the treatments with
BC1-PFS and BC5-W biochars had a beneficial influence on the root elongation after 12
months (Fig. 8). An increase in percentage was the highest in the case of BC5-W biochar at 1
w/w% dose (~85%), but other application doses of BC1-PFS and BC5-W biochars also
promoted wheat root elongation resulting in ~40–70% increase in percentage compared to
control. No stimulation was detected in the case of BC2-PFSA application at lower
concentrations, but the 1 w/w% BC2-PFSA treatment affected the wheat root growth
positively (20% increase compared to control). The results of the Triticum aestivum root
elongation test also revealed positive responses to biochar addition on the mid-term,
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 between the PAHs content of biochar
and the observable toxicity measured by different ecotoxicological methods (Oleszczuk 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 temperature (Stefaniuk
et al., 2016). Hagner et al. (2016) carried out a complex experiment with birch (Betula 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 and biomass of lettuce,
but not the biochars produced at high temperatures (475°C). All of the biochars improved
the yield of radish and ryegrass, regardless of pyrolysis temperature (Hagner et al., 2016).
The biochars used in our microcosm experiment were produced at 450–700 °C and had
no significant adverse effect on the examined plant testorganisms. The synergistic effect
between compost and biochar is well-reported in the literature (D’Hose et al., 2020; Fischer
and Glaser, 2012; J. Liu et al., 2012); however, from the results of our experiment, it can be
seen, that the combined application of compost and biochar resulted in a lower increase in
both of the mustards’ (Figure 25) and the wheats’ (Figure 28) root length than in the case of
the 0.5% biochar addition alone. This is in line with Seehausen et al. (2017)’s findings, who
found neutral or even antagonistic effects on the growth properties of Abutilon theophrasti
and Salix purpurea when BC and compost were applied together. The authors concluded that
the biochar could bind nutrients available to plants through its high sorption capacity,
furthermore the combination of these additives might resulted in an oversupply of various
toxic elements (Seehausen et al., 2017).
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Figure 28 Changes in Triticum aestivum (common wheat) root elongation – increase in percentage compared to control in
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 BC5-W and BC2-PFSA biochar treatment, but no
inhibition was detected after 7 weeks; moreover, the springtails were positively affected by
most of the treatments (Molnár et al., 2016).
Biochars tend to age over time in soils when the exposed carbon rings with highdensity free radicals and π electrons are oxidising (Joseph et al., 2010), resulting in a layer
with a high concentration of O-containing 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 physicochemical factors to degrade the biochar further (Hammes and Schmidt, 2012), a process
noticeable even after two years (de la Rosa et al., 2018). Rechberger et al. (2017) found that
the ageing process was accelerated in acidic soils (Rechberger et al., 2017). In our study, the
post-treated grain husk and paper fibre sludge biochar (BC2-PFSA) 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 post-treatment. On the other hand,
the effect of woodscreening biochar on the Sinapis alba root elongation and soil water
holding capacity were also more recognisable after one year than on the short term.
Altogether, none of the biochars showed a significant negative 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 the short term. Mid-term and long-term studies are
crucial to determine the effectiveness of certain biochar on a certain soil property 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 shows that in the cases of both
test plants (S. alba and T. aestivum) the effects of biochars are different at different sampling
times (time x treatment effect significant). Based on the RMANOVA, however, it can be clearly
stated, that the effect of biochar treatments are significant on the discussed seedling growth
parameters, as well as the time, as a factor is also proved to be statistically significant.

5.3.2.4.

Impact of treatments on maize chlorophyll content

After the 12 months of the microcosm incubation study, the soil was used for a 4-week
maise growth test. After the 4-week incubation period, the plants were harvested, and the
chlorophyll content was spectrophotometrically measured (Figure 29). In response to the
BC1-PFS biochar treatments at 0.1 w/w% and 1 w/w% application rates, the highest
chlorophyll content was obtained, resulting in 20–50% growth compared to the untreated
control. The BC5-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 application. In the case of the BC2-PFSA biochar treatments, decreased
chlorophyll content values were measured with increasing biochar concentration.

Total Chlorophyll [mg/g]

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 individually and in combination. As
opposed to this, the combined application of compost and biochar resulted in neutral effect
in the case of BC1-PFS, moreover antagonistic effect, a significant decrease in the chlorophyll
content was observed in the case of BC5-W similarly to Seehausen et al. (2017)’s findings.
They reported a decreased chlorophyll fluorescence in the leaves of A. theophrasti upon the
combined application of biochar and compost. The results of our 4-week incubation
experiment with maize showed that the BC1-PFS biochar at any concentration, without
supplementary treatments, increased greatly (20–50%) the total chlorophyll content of the
leaves. In contrast, several studies claimed that biochar addition did not affect the
chlorophyll content of the test plants (Agegnehu et al., 2016, 2015; Öz, 2018; Zainul et al.,
2017).
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Figure 29 Total chlorophyll content of the maize leaves 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 mid-term effects of the biochar treatments, the
significant positive effects on the examined soil characteristics were summarised in the
tables below, based on the 2nd, 6th and 12th-month results (Table 12-Table 17). To compare
the treatments, the  ISQP (%), namely the Improved Soil Quality Parameter-values were
calculated from the number of significant positive changes as a percentage of all parameters
examined.
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After two months, the BC1-PFS biochar at 1 w/w% performed as the best treatment,
furthermore 0.5% BC1-PFS biochar combined with NPK and compost also had beneficial
effects on the physico-chemical 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 BC5-W biochar at 0.5 w/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 upon application of the woodscreeningbased biochar. Given the importance of the effect on biological activity in the case of the
development of a complex soil improvement technology, we, therefore, proposed the
aforementioned BC1-PFS biochar for field experiments instead of BC5-W.
Contrary to the preliminary hypotheses related to its post-treatments, BC2-PFSA
biochar performed moderately during the first sampling, improving especially the soil
physico-chemical properties.
Table 12 Summary of significant positive effects of various treatments on soil characteristics after 2 months –Microcosm
experiment No. 2
Soil characteristics
Treatment

P 2 O5

Control+C



K2O

WHC

LoI



Control+NPK

pH

Bacteria
CFU

Fungi
CFU

Mustard
shoot

Mustard
root








BC1-PFS 1%



BC1-PFS 0.5%+C
BC1-PFS 0.5%+NPK









































BC5-W 0.1%
BC5-W 0.5%









BC5-W 1%





















BC5-W 0.5%+C



BC5-W 0.5%+NPK










BC2-PFSA 0.5%







BC2-PFSA 1%









40
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60
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70



70



30



70



50





70





60



20



50



50



BC2-PFSA 0.1%

ISQP*
(%)



BC1-PFS 0.1%
BC1-PFS 0.5%

Wheat
root






*ISQP (%)– 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 woodscreening-based BC5-W biochar at 1% applied
concentration proved to be the best due to its apparent effect on the fungi CFU (Table 13). In
addition, it performed well even at 0.5% when used in combination with compost and
fertiliser (62.5%); nevertheless, the 1% BC1-PFS showed enhancements on the short term
also, resulting in the same ISQP %, as the 0.5% BC2-PFSA treatment.
Due to its promising effects on soil properties at higher concentrations (0.5%, 1% and
combinations with compost and NPK) the application of the BC5-W 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.
Table 13 Summary of significant positive effects of various treatments on soil characteristics after 6 months –Microcosm
experiment No. 2
Soil characteristics
Treatments

WHC

LoI

pH

Bacteria
CFU

Fungi
CFU

Mustard
shoot

Control+C





Control+NPK





BC1-PFS 0.1%



BC1-PFS 0.5%



BC1-PFS 1%





BC1-PFS 0.5%+C







BC1-PFS 0.5%+NPK













BC5-W 0.5%+C









BC5-W 0.5%+NPK







37.5





BC2-PFSA 0.1%



62.5







BC2-PFSA 1%

25.0





37.5



12.5

BC5-W 1%

BC2-PFSA 0.5%

ISQP*
(%)
25.0




BC5-W 0.5%

Wheat
root

12.5



BC5-W 0.1%

Mustard
root










25.0



50.0



75.0



62.5



62.5



12.5



62.5



50.0

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

After 1 year, three treatments were ranked on the first place with the same ISQP%
(88.9%); the grain husk and paper fibre sludge-based BC1-PFS biochar at 1 w/w% and 0.5
w/w% in combination with compost, and the woodscreening-based BC5-W biochar at 0.5
w/w% in combination with fertiliser (Table 17). As the improvement of water management
is of paramount importance for sandy soils, the use of BC1-PFS 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 BC5-W at 1 w/w% also had a beneficial effect
on WHC, but as it did not affect the chlorophyll content of the maize plant and bacterial CFU,
it was inferior to BC1-PFS biochar. Nevertheless, the study of the effect of wood-based
biochar at higher doses may provide a basis for further research.
Table 14 Summary of significant positive effects of various treatments on soil characteristics after 12 months –Microcosm
experiment No. 2
Soil characteristics
Treatments

WHC

LoI

Control+C

pH

Bacteria
CFU

Fungi
CFU

Mustard
shoot



Mustard
root

Wheat
root

Chlorophyll
in maise

22.2



Control+NPK

0.0

BC1-PFS 0.1%
BC1-PFS 0.5%





BC1-PFS 1%









BC1-PFS 0.5%+C













BC1-PFS 0.5%+NPK

BC5-W 0.5%









BC5-W 0.5%+C







BC5-W 0.5%+NPK



































88.9









66.7







33.3









77.8









77.8







66.7











44.4



BC5-W 0.1%
BC5-W 1%

ISQP*
(%)

55.6




88.9

88.9

BC2-PFSA 0.1%





22.2

BC2-PFSA 0.5%





22.2

BC2-PFSA 1%





33.3



*ISQP (%)– 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 fibre sludge biochar at 1 w/w%
(1% BC1-PFS) and 0.5 w/w% in combination with compost (0.5% BC1-PFS+NPK) as well as
the 0.5 w/w% biochar from woodscreening combined with fertiliser (0.5% BC5-W+NPK)
were the most favourable treatments with slightly different characteristics. 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 (BC1-PFS) also had beneficial effects on the physico-chemical
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 1 w/w%
concentration.
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5.3.3. Mid-term effects of miscanthus and woodscreenings biochars on acidic sandy
soil (Microcosm experiment No. 3)
During the second microcosm study, two biochars (BC5-W: woodscreening; BC14-M:
miscanthus) with high scores were mixed in acidic sandy soil at higher concentrations than
previously (0.5 w/w%, 1 w/w%, and 2 w/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 the physico-chemical properties of the soil

Figure 30.a shows the evolution of the pH values during the microcosm experiment. As
it can be seen, the effect of the wood-based BC5-W 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 last sampling time (41% increase compared to the control in case of
2 w/w% BC5-W). As opposed to this, after 1 year, the BC14-M biochar caused significant
increases only in the higher concentrations (8.7% and 45.5% increase in the cases of 1 w/w%
and 2 w/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
Miscanthus-based BC14-M had a lower pH (7.62) than BC5-W (9.3); therefore, its effect on
the pH cannot be as pronounced either. Furthermore, the differing ash content (20% and
16% for BC5-W and BC14-M, 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 Miscanthus-based biochar, especially the
highest concentration, showed the 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 to the continuous mixing and deterioration, the BC14-M at 2% could
not only maintain but also enhance the initial WHC. In contrast, the BC5-W treatment did
not result in as spectacular improvements as the BC14-M treatment, only a maximum of 10%
non-significant increase in case of 2 w/w% BC5-W addition. According to the literature, the
effect of biochars on the soil WHC varies between soils and biochar types; however, several
studies reported improved soil water management upon biochar addition (Abel et al., 2013;
Barnes et al., 2014) mostly due to increase in the surface area and pore volume (Obia et al.,
2016). Both BET specific surface area and pore volume of the miscanthus-based biochar are
one order of magnitude larger than that of wood-based biochar, resulting in a more
substantial capacity to retain water both on the short- and long-term.
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The changes in the loss-on-ignition can be seen in Figure 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 with soil
organic matter, this decreasing tendency can be a sign of positive priming or cometabolization due to biochar addition. However, in the cases of both biochars, the highest
doses caused significant increases in the LoI throughout the experiment, which were at the
end of the study 56% and 35% compared to the control upon 1 w/w% BC5-W and BC14-M
addition, respectively.
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Figure 30 Changes in the physico-chemical properties during microcosm experiment (No. 3): (a) pH, (b) water holding
capacity, (c) Loss on Ignition.

Similarly to the LoI values, the organic matter (Figure 31.a) showed similar tendencies;
in case of lower biochar doses (0.5 and 1 w/w%) the OM decreased, and by the 12th month
this effect was significant in all BC5-W treatments, but only at the lowest, 0.5 w/w% BC14-M
treatment. Interestingly, on the short term, the 1 w/w% and 2 w/w% BC14-M treatment
increased the OM content in the soil, but on the long term (12 months) 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, they were 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, suggesting that 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 decomposition 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 the available nutrient supply of the biochar
stimulates the microbial activity, as could be seen in our experiment in the results of the
Biolog® EcoPlate™ test (Figure 32).
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Figure 31 Changes in the nutrient content during microcosm experiment (No. 3): (a) Organic Matter (b) ammonium-lactateacetate soluble K2O, (c) ammonium-lactate-acetate soluble P2O5.
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Both of the applied biochars had positive effect on the potassium supply (Figure 31.b)
of the acidic sandy soil; at all concentrations and sampling times increments were detected
compared to the untreated control; however, the 2 w/w% BC5-W treatment stands out among
them, with an approx. 2-fold increase at the last sampling time. As opposed to this, the 2%
BC14-M addition caused a 55% increase compared to the control after 12 months, however,
no dose-dependent tendency is observable in the case of the BC14-M biochar. The difference
between the effect of the biochars can be attributed to their initial K content (BC5-W: 16871
mg/kg, BC14-M: 750 mg/kg), as the measured changes originate most likely from the direct
release of K from the biochar.
The available phosphorus content (Figure 31.c) decreased as a result of the addition of
both biochars, and no applied concentration-dependent 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). BC5-W biochar treatment caused approx. 65%
decrease regardless of concentration; BC14-W caused a 50% decrease also regardless of
concentration. However, several studies report increased levels of available P (Glaser and
Lehr, 2019; Kahura et al., 2018), but since P availability is highly pH-dependent, a higher
level of potassium is available at the right level of acidity (Al-Rohily et al., 2013). However,
the biochar has adequate phosphorus stores, and due to the changed pH conditions, neither
that nor the soil's own P content is available. The addition of woodscreening (BC5-W)
biochar resulted in higher pH (5-6) and lower level of AL-P2O5, the miscanthus-based (BC14M) biochar elevated the pH more slightly (4.5-5) with 1.5 higher AL-P2O5 values, closer to
the control than in the BC5-W treated soils.
Table 15 RMANOVA results over time to evaluate the effects of biochar treatments on the examined physico-chemical
parameters in microcosm experiment (No. 3) (p<0.05)

pH
Treatment
Time
Time x
Treatment
WHC
Treatment
Time
Time x
Treatment
Loss on Ignition
Treatment
Time
Time x
Treatment

d.f.

Mean
Square

F ratio

p-value

6
2

1.50
0.35

121.41
46.81

0.000
0.000

12

0.08

10.54

0.000

6
2

12.96
74.69

12.94
74.79

0.001
0.000

12

4.59

4.59

0.003

6
2

1.11
0.72

57.78
29.20

0.000
0.000

12

0.07

2.95

0.028

Organic matter
Treatment
Time
Time x
Treatment
AL-K2O
Treatment
Time
Time x
Treatment
AL-P2O5
Treatment
Time
Time x
Treatment
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d.f.

Mean
Square

F ratio

p-value

6
2

0.37
0.58

35.98
93.59

0.000
0.000

12

0.04

6.50

0.000

6
2

2463.89
552.60

39.96
27.81

0.000
0.000

12

59.56

3.00

0.027

6
2

11794.43
363.75

313.31
22.68

0.000
0.000

12

57.45

3.58

0.005

Based on the results of the RMANOVA (Table 15), it can be stated that both the biochar
treatments and the time had a significant effect on all the discussed physico-chemical
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 physico-chemical parameters, great emphasis should be put on the
differences between the short and the long-term results.

5.3.3.2.

The effect of biochars on the biological activity of the soil

Table 16 shows the evolution of the bacteria and fungi cell numbers throughout the
experiment. It can be seen, that all the BC14-M biochar treatments significantly enhanced
the bacterial CFU at the first sampling time (besides the 0.5 w/w% BC5-W), however, this
effect was no longer observable at the end of the study, when only the 2 w/w% BC5-W caused
a significant, 2.5-fold increase in the bacterial CFU. In the case of the fungi CFU similarly to
the bacterial CFU, especially BC5-W addition resulted in a rather significant long-term
stimulation than short-term stimulatory effects. Based on the RMANOVA results (
Table 17), both the BC treatments, 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 (BC5-W) on the long term had a significant effect on
the bacteria and fungi number, while the miscanthus-based biochar (BC14-M) only on the
short term.
Table 16 Changes in cell concentration during the microcosm experiment (No. 3).

Bacteria [CFU/g soil]
Treatments

Fungi [CFU/g soil]

Start

6th month

12th month

Start

6th month

12th month

1.8E+06

1.8E+06

1.0E+06

1.2E+06

9.0E+05

7.3E+05

3.3E+06(*)

1.9E+06

1.9E+06

8.5E+05

1.1E+06

1.9E+06(*)

BC5-W 1%

2.7E+06

2.4E+06

1.4E+06

1.3E+06

1.1E+06

1.2E+06

BC5-W 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

Control
BC5-W 0.5%

Some studies suggest that biochar-mediated changes in the microbiological activity can
be attributed to the positive changes in the physico-chemical properties, especially in coarsegrained soil (Gul et al., 2015; Liang et al., 2010; Van Zwieten et al., 2010). BC14-M had
positive effects on the WHC right after the start of the measurement, which was consistent
with Liang et al. (2010)'s findings.
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In this experiment, a fresh batch of BC5-W was used, featuring one order of magnitude
smaller specific surface area and pore volume, however, with the ageing of the biochars, their
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 BC5-W biochar behaved similarly (Table 10), enhancing microbial
abundance, especially after 1 year. Furthermore, in particular, the 2 w/w% BC5-W 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 Biolog® EcoPlate™ measurement are
shown in Figure 32.a-b. The Average Well Colour Development (AWCD, Figure 32.a) gives
information about the general activity of the microbial community present in the given soil.
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Figure 32 Changes in the biological activity indexes during the microcosm experiment (No. 3): (a) Average Well Colour
Development (AWCD) from the Biolog® EcoPlate™ test, (b) Substrate Number from the Biolog® EcoPlate™ test.

In all samples treated with biochar, elevated activity is observable from the start, and
the activity increases proportionally with the concentration. The application of the BC5-W
biochar at 2 w/w% had a more a prominent effect after 12 months compared to BC14-M, as it
caused a 6.3-fold increase in the Substrate Richness compared to the control, while the same
concentration of BC14-M caused only a 4.6-fold increase. Interestingly, the AWCD of the BC5W 0.5 w/w%, BC14-M 0.5 w/w%, and 1 w/w% microcosms dropped drastically compared to the
previous samplings probably due to the loss of nutrients and biochar ageing processes,
nevertheless, they still showed significant increases compared to the control (30-85%
increase compared to the control). Similar tendencies could be perceived from the Substrate
Richness results (Figure 32.b), which showed how many of the 31 potentially available
substrates were utilised by the microbial community of the soil sample. As shown by the
RMANOVA (Table 17), both the biochar treatments and time had a significant effect on the
AWCD and Substrate Richness, and the BC treatments had a different effect at the 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 time. The difference between the
evolution of AWCD for the two different biochars can be due to their initial properties and
114

their varying effects on the soil physico-chemical properties, which have an indirect effect
on microbial activity. BC14-M addition resulted in a lower pH, which explains the slight
difference between the performance of the two biochars in the Biolog® EcoPlate™ test. The
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 long-term sustainable environment for the
microbial community.

5.3.3.3.

Assessment of the potentially toxic effects and habitat function of the biochars

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 of Sinapis alba (white mustard; Figure 33.a), both biochars caused shortterm 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 0.5 w/w% and 1 w/w% BC5-W and the 1 w/w% and 2 w/w%
BC14-M treatments had an enhancing effect on the root elongation (17-27% compared to
the control). In the case of the mustard shoots (Figure 33.b), no long-term stimulation was
detected; moreover, most biochar treatments had a slight inhibitory effect (around 10%),
but, only the 0.5 w/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 mid-term, 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 one-year period. The RMANOVA (Table 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 and mustard shoot
varies at the different sampling times.

115

25
20

*
*

6th month

12th month

*

*

*

*

*

**

15
10
5
0

Start

40

*

20

5
0

Treatments

6th month

* *

*

10

12th month

*

*
**

12th month

15

*
30

6th month

*

(b)

Treatments

T. aestivum root elongation [mm]

(a)

Start

25

S. alba shoot elongation [mm]

S. alba root elongation [mm]

Start

30

*

20

*

*

*

*

10
0

(c)

Treatments

Figure 33 Changes in the white mustard – Sinapis alba root (a), shoot (b), and common wheat – Triticum 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., 2013; Van Zwieten et al., 2010), however, in general,
in our experiment long-term plant growth inhibition has not been detected. The only longterm inhibitory effect was observed in the case of the white mustard shoot elongation at the
lowest applied concentration of BC14-M, 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, and in
several cases, both biochars triggered its inhibition which was attenuated by the last
sampling.
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Table 17 RMANOVA results over time to evaluate the effects of biochar treatments on the examined biological and
ecotoxicological parameters in the microcosm experiment (No. 3) (p<0.05).
d.f.
Bacterial CFU
Treatment
6
Time
2
Time x
12
Treatment
Fungi CFU
Treatment
6
Time
2
Time x
12
Treatment
Biolog - AWCD
Treatment
6
Time
2
Time x
12
Treatment
Biolog – S Richness
Treatment
6
Time
2
Time x
12
Treatment

Mean
Square

F ratio

p-value

1.33E+12
8.58E+12

7.49
34.52

0.009
0.000

7.29E+11

2.93

0.029

7.52E+11
3.43E+10

3.99
0.14

0.075
0.874

3.98E+11

1.58

0.238

0.37
0.66

15.37
167.27

0.004
0.000

0.03

8.64

0.001

120.78
86.74

103.52
74.35

0.001
0.000

17.63

15.11

0.002

Mustard root
Treatment
Time
Time x
Treatment
Mustard shoot
Treatment
Time
Time x
Treatment
Wheat root
Treatment
Time
Time x
Treatment

d.f.

Mean
Square

F ratio

p-value

6
2

9.21
142.44

6.20
71.05

0.008
0.000

12

4.46

2.23

0.061

6
2

4.01
14.59

3.78
17.63

0.037
0.000

12

2.95

3.57

0.008

6
2

20.26
421.63

13.44
140.61

0.000
0.000

12

20.62

6.88

0.000

Not only seedling growth tests but also animal testorganisms-based ecotoxicological
tests were performed. According to the result of the Folsomia candida springtail mortality
test, lethality did not exceed 10%
To assess the habitat function of the biochar-treated soils, Enchytraeus albidus
avoidance test was carried out at the 6th month 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 choice 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 biochar-treated soils with the control (Figure 34), the pot worms
always chose the biochar-treated soils over the control acidic sandy soil in all pairing at both
sampling times. Several factors (pH, organic matter content, 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 biochar-treated soils with
better living conditions over acidic sandy soil (control) (Amorim et al., 2008; Delgadillo et
al., 2017).
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Figure 34 Enchytraeus albidus soil preference between the control and biochar-treated soils at the 6-month and 12-month
sampling. Data represent averages of three replicates.

When the biochar-treated soils were paired together (Figure 35) at the 6th-month
sampling, the animals always chose the soil with a higher biochar dose. When the same
concentrations were paired from both biochars, the animals always preferred the
Miscanthus biochar (BC14-M) treatment over the woodscreening-originated one (BC5-W)
and among all pairs the highest preference was for the 1 w/w% and 2 w/w% BC14-M
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 2 w/w% BC14-M treatment proved to be the most supportive
environment for the potworm, because the BC14-M biochar had the biggest influence on the
soil's WHC and the physico-chemical properties.
It can be concluded that the biochar-mediated changes in these parameters greatly
affect the habitat function of the soil, by creating a more liveable, preserving habitat, thereby
also participating in creating healthy soil.

Figure 35 Enchytraeus albidus soil preference between the biochar-treated soils at the 6-month and 12-month 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 mid-term effects of the chosen biochars at different
concentrations. The significant positive changes in the soil parameters and the calculated
treatment  ISQP (%) values (Improved Soil Quality Parameter-values) are shown in the
tables below (Table 18 - Table 19), based on the 2nd, 6th and 12th-month results. The ISQP
(%) was obtained by calculating the number of significant positive changes as a percentage
of all parameters examined. With the help of the ISQP values, I was able to compare the
effectiveness of each treatment with the ones used in microcosm experiment No.2, even
without testing the same type and the same number of parameters.
After 6 months, BC14-M biochar at 2 w/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 Biolog® EcoPlate™ test. In this experiment,
wood-based biochar no longer showed a significant effect on water holding capacity, as
observed in the previous experiment after 6 and 12 months (Table 13 and Table 17). Because
of this difference, it is essential to highlight that before the setup of microcosm experiment
No. 2, a new batch of BC5-W biochar was ordered and was used freshly.
In the case of microcosm experiment No. 1, the biochar was stored in the lab during the
screening phase and probably underwent ageing/maturation processes that may have
affected its porosity, and through that, its capacity to hold and store more water (Batista et
al., 2018). Based on this difference between fresh and mildly aged biochars, it is
recommended to characterise them immediately before their use, not only after production.
Interestingly, after 12 months, both biochars at the applied 2 w/w% concentration performed
similarly, improving 64.3% of the parameters (Table 19).
The main difference is the long-term positive effect of wood-based (BC5-W) biochar on
bacterial and fungal counts, which was not observed for Miscanthus-based (BC14) biochar.
However, it is important to highlight the outstandingly positive effect of BC14-M at 2 w/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 2 w/w%, BC14-M even stimulated plant growth. In the potworm test, animals always opted
for 2 w/w% BC14-M treatment if we offered them this option.
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Table 18 Summary of significant positive effects of various treatments on soil characteristics of microcosm experiment No. 3 after 6 months
Soil characteristics
Treatments

pH

BC5-W 0.5%



BC5-W 1%



BC5-W 2%



BC14-M 0.5%

WHC

Loss on
ignition








AWCD

Substrate
Richness























K2O

P 2 O5

Bacteria
CFU



BC14-M 1%
BC14-M 2%

Organic
matter



Fungi
CFU



Mustard
root

Mustard
shoot

Wheat
root





Potworm
avoidance

ISQP
(%)

1

35.7

1

42.9

1

42.9

1

50.0









1

35.7









1

57.1

*ISQP (%)– Improved Soil Quality Parameters as a percentage of all parameters examined
Table 19 Summary of significant positive effects of various treatments on soil characteristics of microcosm experiment No. 3 after 12 months
Soil characteristics
WHC

Loss on
ignition

Organic
matter

Treatments

pH

BC5-W 0.5%





BC5-W 1%





BC5-W 2%





BC14-M 0.5%
BC14-M 1%



BC14-M 2%







K2O



P 2 O5

Bacteria
CFU



Wheat
root

Potworm
avoidance

ISQP
(%)







57.1







50.0





64.3





28.6







42.9







64.3

Fungi
CFU

AWCD

Substrate
Richness

Mustard
root































Mustard
shoot

*ISQP (%)– 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 scale-up technology development, carrying out a microcosm experiment
is crucial to be able to predict the long-term effects of any soil additive based on its behaviour
in laboratory conditions.
According to the results of the short-term 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 properties; therefore, it may be suitable for improving these soils even
at the field scale.
In the first mid-term microcosm experiment (No. 2, Section 5.3.2), we applied three
different, high-scored biochars on acidic sandy soil and were 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 BC1-PFS biochar
performed as best on the short-, and the long term as well. Based on its short-term
performance, especially in the case of the physico-chemical properties, it was selected for
field testing. Its effects on the sandy soil’s pH, WHC and microbial activity were in line with
the results of the previously conducted short-term microcosm experiment.
The aim of the second mid-term microcosm (No. 3, Section 5.3.3) 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 BC14-M biochar and the
wood-based BC5-W at 2% performed similarly, with the BC14-M always resulting in more
considerable changes of the examined parameters. The E. albidus potworm avoidance test
has proved the better habitat-providing property of BC14-M compared to BC5-W.
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5.4. Results of the field experiment
During the field study, we examined the long-term effects of the previously chosen
grain husk and paper fibre sludge biochar (BC1-PFS) on acidic sandy and calcareous sandy
soil. The experiment took place in Hungary and lasted for 30 months 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 the physico-chemical parameters of the soils
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 term, owing to
the high pH (8.8) of the biochar itself (Figure 36).
However, the 3 t/ha biochar addition did not show any significant effect compared to
the acidic soil’s C+NPK. A slight increase (11–24% throughout the experiment) was observed
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 and by 24% after 30 months
compared to the acidic soil’s NPK control. Conversely, the pH of the calcareous soil did not
change significantly compared to its C+NPK upon biochar addition.
In our study, the examined two soils differ significantly in pH, carbonate- and organic
matter content. According to the literature (Khan et al., 2013; Liu et al., 2014; Prayogo et al.,
2014) biochars, due to their alkaline pH, may raise the pH in acidic soils. Šimanský and Klimaj
(2017) in field experiments after applying different rates of the same grain husk and paper
fibre sludge biochar and biochar + N fertilisation to a slightly acidic soil observed an
immediate gradual increase of both pHH2O and pHKCl, however, in time there was a decrease
of pHKCl in all treatments (Šimanský and Klimaj, 2017).
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 findings are similar to what was observed in the
microcosm studies, where the applied biochar had a more prominent effect on the acidic soil
due to its high pH and ash content. However, in the calcareous, alkaline soil, only a shortterm, slight pH decrease was experienced, similarly to the findings of Laghari et al. (2015),
who observed 0.92–0.95 pH unit decrease at 45 t/ha biochar application (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 effects 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 control. In 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 study, all
the examined treatments decreased significantly the soil WHC (5–6% compared to the
C+NPK).
The results of the RMANOVA (Table 20) show that both the soil type and the treatments
have influenced the evolution of 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 time-dependent. On the other hand, the pH was
significantly affected by the following interactive effects: soil type, biochar treatment, and
time.
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Table 20 RMANOVA results over time to evaluate the effects of soil type and biochar treatment on the evolution of pH and WHC.
Source of
variation
pH
Soil type
BC Treatment
Soil x Treatment
Time
Time x Soil
Time x Treatment
Time x Soil x
Treatment

d.f.

Mean
Square

F ratio

pvalue

1
4
4
2
2
8

120.97
1.21
1.35
1.18
1.43
0.06

2977.4
229.70
33.16
34.34
41.48
1.76

0.000
0.000
0.000
0.000
0.000
0.109

8

0.135

3.94

0.001

Source of variation
WHC
Soil type
BC Treatment
Soil x Treatment
Time
Time x Soil
Time x Treatment
Time x Soil x
Treatment

d.f.

Mean
Square

F ratio

pvalue

1
4
4
2
2
8

280.10
14.00
12.39
4.21
17.59
5.28

306.14
15.30
13.55
4.13
17.23
5.18

0.000
0.000
0.000
0.028
0.000
0.001

8

3.19

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 Barnes et al. (2014), biochar addition increased the water holding capacity in coarsegrained 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., 2019) and 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 pores, which 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 in their 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 and 30 t/ha biochar amendment to the acidic sandy soil increased
the WHC on the short-term, similarly to Wang et al. (2019), who reported a short term
enhancing effect of biochar addition in coarse-textured soils (Wang et al., 2019). Although
30 t/ha biochar addition to the calcareous soil significantly increased the WHC, after 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 high CaCO3
content have low WHC (Aboukila et al., 2018; Liang et al., 2014). According to Duniway et al.
(2007), when CaCO3 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 CaCO3 plugging the soil pores (Duniway
et al., 2007). We assumed the occurrence of a similar process in case of the calcareous soil
whereby cementation by CaCO3 accumulated in our soil affected not only the 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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Hlaváčiková et al. (2019) compared in a laboratory experiment the effect of the same
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 should 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 (Hlaváčiková et al., 2019). According to
Vitkova et al.’s (2017) results, the positive effect of biochar amendment (20 t/ha) on the soil
water content was strongly related to the type of the crop grown. Tárnik (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 (Tárník, 2019; Vitkova et al., 2017).
1st month
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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 rates (Mukherjee
and Zimmerman, 2013), for which reason biochar can act as a slow-release fertiliser.
According to several studies, the composition of biochars and the biochar-mediated effects
on the soil nutrient supply vary 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., 2010)
Biochar induced different responses in the elemental concentrations (Table 21) after
30 months. The ammonium acetate-lactate soluble P2O5 (AL-P2O5) content of the acidic soil
increased upon all treatments compared to the acidic soil’s fertilised control, but the increase
became significant only after 30 t/ha biochar addition (by 68%). However, no significant
effects were observed in the calcareous soil, but the stimulation was, on average 10–14%.
15 t/ha biochar addition significantly increased (by 33%) the available ammonium acetatelactate soluble K2O (AL-K2O) 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 nutrient supply.
The favourable biochar-mediated 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 matter, phosphorous, and potassium on the
long-term both for the low-quality acidic sandy and the calcareous soils. The increased P2O5
content (significant in the acidic soil) might be attributed to its direct release from biochar
and the enhanced P-availability as a consequence of pH changes (Xu et al., 2013).
The AL-P2O5 content was increased as a result of BC-treatment in both soils, but this
change was significant only in the acidic sandy soil at 30 t/ha BC concentration. The AL-P2O5
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 short-term microcosm
experiment (No. 1, Section 5.3.1.1), the highest applied biochar concentration (1.5
w/w%)caused in the case of the acidic soil 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 availability as opposed to higher pH conditions (Kahura et al., 2018). Besides,
it was concluded that calcareous soils bind phosphates, making them unavailable (Al-Rohily
et al., 2013).
We found that the positive and promising biochar-mediated influence on available K2O
was also higher in the acidic sandy soil than in the calcareous soil, similarly to the previously
conducted short-term microcosm experiment (Section5.3.1.1). 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 etc.). While 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-K2O content, similarly to Lentz and Ippolito’s findings
(2012) (Lentz and Ippolito, 2012). The lower level of AL-K2O in the calcareous soil (Mollic
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 result in any significant longterm improvement in its OM content. Interestingly in the short-term microcosm experiment,
14−18% 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%, respectively, compared to the acidic
soil’s fertilised control. Subtracting the OM content of the applied biochar from the total OM
content of the biochar amended acidic soil, there was no significant difference.
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However, the OM content of the treated calcareous soils after subtraction of the biochar
OM content was lower (0.93±0.02% OM at 3 t/ha, 0.99±0.13% OM at 15 t/ha and
0.80±0.08% OM at 30 t/ha BC) compared to the fertilised control (1.10±0.04% OM), this
effect was significant at 30 t/ha biochar application. In parallel to the OM content, the loss
on ignition (LoI) 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 significantly increased the LoI 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 LoI. 30 t/ha biochar in
the calcareous soil resulted in approx. 14% increase in LoI compared to the fertilised control.
As it was previously described in the literature, biochars are able to increase the soils’
organic matter (OM) and loss on ignition values (DeLuca et al., 2012; Liang et al., 2010).
Similarly to these outcomes, we also measured remarkable changes in the OM values of the
biochar amended soils compared to the control. In accordance with Demeyer et al. (2001)’s
study, we found in the acidic soil an increasing trend in the OM content proportional to the
biochar addition (Demeyer et al., 2001).
The differences in the OM between the two studied soils could be attributed 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 the biochar treated and non-treated
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 derived 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 C-pool 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 co-mineralisation
processes due to stimulating microbial activities (Ding et al., 2018). The process may be
catalysed by the cementing effect of CaCO3 to form aggregates, which provide an adhesion
surface for the microbes involved in the mineralisation processes. The acidic sandy soil
featured relatively low SOM; therefore, biochar addition did not interfere significantly with
its mineralisation.
Biochar had a different impact on the NH4-N and NO3-N concentration of the soils. In
the acidic soil, biochar addition decreased the NH4-N concentrations significantly on average
by 32–34% and the NO3-N concentrations by 42–55% (but this effect was not significant). In
the case of calcareous soil, neither the NH4-N nor the NO3-N concentration changed
significantly upon biochar treatment.
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In the calcareous soil, biochar addition had only a slight effect on the NH4-N
concentration, but it resulted in a higher (but not significant) NO3-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 varying impacts on the NH4-N and the NO3-N concentration of the different soils,
which was in line with the results of previous studies (Xu 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 NH 4-N and the NO3N decrease in this soil.
Decrease of NH4-N in acidic 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 NO3-N might be linked to increased metabolic
activity. It has been demonstrated that increased metabolic activity due to the higher
available carbon can lead to decreased oxygen in the soil favouring enhanced denitriﬁcation.
The other reason for the lower NO3-N can be the adsorption of NO3-. (Clough et al., 2013; van
Zwieten et al., 2010). A significant decrease of NH4-N in acidic sandy soil can also be
associated with the adsorption of NH4-N linked to the increased CEC (Clough 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, 26%, and 29% increase, respectively. In the case of calcareous soil, only
the fertilised control demonstrated a significant difference (13–18% increase) compared to
other samples.
Cation exchange capacity (CEC) increased with biochar addition in both sandy soils.
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 application as a soil
amendment, its large surface area and functional groups result in increased CEC (Lehmann
et al., 2003). As biochar addition increases the pH-dependent charge of soil, it could
contribute to higher CEC values in treated soils 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 efficiently (Xu et al., 2013).
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Table 21 Effect of treatments on soil NPK-supply, organic matter content, ash content and cation exchange capacity after 30 months.
AL - P2O5
[mg/kg]

AL - K2O
[mg/kg]

SUM N
[mg/kg]

NH4-N
[mg/kg]

NO3-N
[mg/kg]

Organic
matter
[w/w%]

OM corr.
BCa [w/w%]

C/N

LoI [%]

CEC
[%]

66.4±9.4 (*)

75.2±13.0 (*)

461±22

2.51±0.39

21.4±10.8

0.65±0.05

0.65±0.05

13.0±1.7

1.33±0.10

3.2±0.1

C+NPK

95.3±3.8

121.7±13.2

461±25

2.90±0.21

36.4±6.2

0.67±0.08

0.67±0.08

13.6±1.1

1.55±0.20

3.2±0.1

BC 3 t/ha

102.2±5.9

120.1±10.4

496±61

1.91±0.07

16.5±4.4

0.71±0.05

0.68±0.05

13.2±0.7

1.41±0.14

3.9±0.3

BC 15 t/ha

107.7±24.5

161.4±8.6 (*)

508±20

1.93±0.03

21.3±2.5

0.80±0.02

0.67±0.02

17.2±1.8(*)

1.91±0.12

4.3±0.1

BC 30 t/ha

159.9±4.7(*)

134.8±21.3

508±20

1.97±0.08

18.7±3.1

0.89±0.03(*)

0.61±0.03

17.5±0.2(*)

2.46±0.27(*)

4.3±0.2

C

84.5±16.0(*)

55.4±5.3

668±41

1.88±0.30

3.3±0.9

0.94±0.07(*)

0.94±0.07(*)

14.1±1.6

1.88±0.21

7.5±0.3

C+NPK

114.0±10.2

71.1±12.7

686±77

2.15±0.27

3.9±1.7

1.10±0.04

1.10±0.04

16.7±1.7

1.98±0.11

7.5±0.5

BC 3 t/ha

114.3±8.9

61.4±5.8

674±61

2.36±0.04

4.9±0.8

0.96±0.02

0.93±0.02

14.4±1.6

1.95±0.03

8.5±0.4

BC 15 t/ha

125.6±19.0

67.8±8.6

756±20

2.15±0.34

6.0±1.0

1.12±0.13

0.99±0.13

14.8±1.4

2.01±0.10

9.2±0.3(*)

BC 30 t/ha

130.2±6.5

66.1±1.7

733±41

2.36±0.43

4.9±0.1

1.08±0.08

0.80±0.08(*)

14.7±0.5

2.26±0.22

8.9±1.5(*)

Treatments

CALCAREOUS

ACIDIC

C

a OM

content of the soil after subtraction of biochar OM
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5.4.2. Influence of treatments on the biological activity of the soils
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 activity (Lanza
et al., 2015; Mitchell et al., 2015; Rutigliano et al., 2014; Zhu et al., 2017), moreover in the
previous stages of the technology development, we also experienced alterations in the
bacterial and fungal cell concentrations as well as in the microbial substrate utilization
patterns.
The aerobic heterotrophic bacterial and fungal cell concentrations (Table 22) did not
show any alteration upon biochar treatment on the short term (1 month) in neither the acidic
nor the calcareous soil. By the 5th 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 shortterm non-significant stimulating effects of low biochar doses on bacteria CFU of various soils
(Graber et al., 2010; Manickam et al., 2015). After 30 months, the bacterial cell concentration
increase rate had slowed down; however, the 30 t/ha BC treatment still had the stimulating
effect of 55% compared to the acidic soil’s NPK control. In the case of the calcareous soil, the
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 diversity in biochar-amended soils (Abujabhah et al., 2018; Gul
et al., 2015) which may explain its long term enhancing effect on the acidic soil’s bacteria
CFU in our study. Furthermore, Jeffery et al. (2011) highlighted that the beneficial effects of
biochar-soil interaction are more prominent in nutrient-poor, acidic, coarse, or mediumtextured soils (Jeffery et al., 2011). 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 and
retention of essential nutrients (Liang et al., 2010).
In respect of the fungal cell concentration, biochar addition to 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 highest fungal cell concentrations were measured after
5 months, but none of these effects were significant compared to the fertilised control
(30 t/ha biochar addition caused approx. 50% increase compared to the C+NPK). This
declining trend over time could be explained by the different responses of the microbial
community of fungi and bacteria to biochar-induced 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 studies (Chen et al., 2013; Lehmann et al., 2011) attributed 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 biochar-amended soils favoured the growth of Gramnegative bacteria (Hale et al., 2015), and this was related to the pH of biochar.
However, some studies did not result in higher microbial biomass in biochar-amended
soils (Rutigliano et al., 2014) or found no effect of biochars produced at high temperatures
(600 oC) (Luo et al., 2013), but rather negative influence on microbial biomass, especially in
coarse-textured 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 nutrientimpoverished for a period of time (Gul et al., 2015).
Table 22 Changes in cell concentration during the field study.

Bacteria CFU

Fungi CFU

1st month

5th month

30th month

1st month

5th month

30th month

C

1.3E+06

2.3E+06

1.7E+06

4.6E+05

1.2E+06

4.0E+05

C+NPK

1.4E+06

2.4E+06

1.8E+06

8.0E+05

8.9E+05

8.1E+05

BC 3 t/ha

1.5E+06

3.7E+06

2.2E+06

1.0E+05

2.1E+06

3.8E+05

BC 5 t/ha

1.7E+06

3.4E+06

2.2E+06

1.9E+05

2.9E+06

3.4E+05

BC 30 t/ha

7.0E+05

1.7E+06

2.8E+06

4.8E+05

1.2E+06

6.0E+05

C

4.2E+06

8.1E+06

6.3E+06

2.3E+06

2.3E+06

5.9E+05

C+NPK

4.5E+06

6.6E+06

1.1E+07

1.5E+06

3.3E+06

1.8E+06

BC 3 t/ha

4.3E+06

6.5E+06

5.7E+06

4.1E+05

4.3E+06

8.1E+05

BC 5 t/ha

3.9E+06

8.0E+06

4.0E+06 (*)

7.5E+05

3.4E+06

8.1E+05

BC 30 t/ha

4.1E+06

4.9E+06

7.4E+06

9.8E+05

4.9E+06

7.7E+05

CALCAREOUS

ACIDIC

Treatments

Examining the effects of the factors by RMANOVA (Table 23), it can be seen that only
the soil type had a significant effect on the evolution of cell numbers, meaning that the
biochar treatments had no significant long-term 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).
Table 23 RMANOVA results over time to evaluate the effects of soil type and biochar treatment on the bacteria and fungi CFU.
Source of variation
Bacterial CFU
Soil type
BC Treatment
Soil x Treatment
Time
Time x Soil
Time x Treatment
Time x Soil x
Treatment

d.f.

Mean
Square

F
ratio

pvalue

1
4
4
2
2
8

2.69E+14
3.73E+12
6.18E+12
3.41E+13
8.61E+12
5.69E+12

71.37
0.99
1.64
9.99
2.52
1.67

0.000
0.442
0.216
0.000
0.097
0.147

8

5.94E+12

1.74

0.129

Source of variation
Fungi CFU
Soil type
BC Treatment
Soil x Treatment
Time
Time x Soil
Time x Treatment
Time x Soil x
Treatment
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d.f.

Mean
Square

F
ratio

pvalue

1
4
4
2
2
8

2.30E+13
8.26E+11
7.40E+11
2.99E+13
4.26E+12
1.36E+12

32.81
1.18
1.05
87.81
12.46
3.99

0.000
0.363
0.415
0.000
0.000
0.003

8

9.21E+11

2.69

0.025

Based on the RMANOVA results, biochar treatments had a significant effect on all three
parameters calculated from the Biolog® Ecoplate™ results (AWCD, Substrate Richness and
Shannon-index) (Table 24), meaning that the biochar treatments had a long-term 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 other two calculated parameters. Repeated-measures 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 the effect 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.
Table 24 RMANOVA results over time to evaluate the effects of soil type and biochar treatment on the parameters calculated
from the Biolog® EcoPlate™ results (AWCD, Substrate Richness and Shannon diversity index).
Source of variation
AWCD
Soil type
BC Treatment
Soil x Treatment
Time
Time x Soil
Time x Treatment
Time x Soil x Treatment
Substrate Richness
Soil type
BC Treatment
Soil x Treatment
Time
Time x Soil
Time x Treatment
Time x Soil x Treatment
Shannon diversity
Soil type
BC Treatment
Soil x Treatment
Time
Time x Soil
Time x Treatment
Time x Soil x Treatment

d.f.

Mean
Square

F ratio

p-value

1
4
4
1
1
4
4

0.11
0.27
0.08
0.10
0.44
0.08
0.03

13.20
33.36
9.79
21.84
95.78
17.50
6.80

0.003
0.000
0.001
0.000
0.000
0.000
0.003

1
4
4
1
1
4
4

1.24
113.29
34.87
13.01
84.69
31.50
24.63

0.20
18.54
5.71
4.18
27.24
10.13
7.92

0.659
0.000
0.004
0.058
0.000
0.000
0.001

1
4
4
1
1
4
4

0.03
0.14
0.02
0.00
0.10
0.02
0.00

4.87
22.90
4.21
0.27
16.99
2.88
0.44

0.041
0.000
0.015
0.612
0.001
0.054
0.777

All the BIOLOG® EcoPlate™-related parameters showed similar tendencies (Figure
38.a-c), where the difference between the two sandy soils was reflected in the results. The
test examines the microbial 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 the calcareous soil,
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 the calcareous soil (Figure 38.a).
The tendencies were similar to the AWCD in respect to the changes of the Substrate
Richness throughout the experiment (Figure 38.b). At the start, 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 resulted 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 highest 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 t/ha and 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 after 1 month.
There was a short-term 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 soil. It is also notable that opposed to the acidic soil, these increased values in
the case of calcareous soil were maintained on the long term. The possible cementation
process by CaCO3 in the calcareous soil could affect not only the hydraulic properties by
plugging the pores of both the biochar and the soil but might also hinder the access of the
soil living microorganisms to colonise the micropores and use them as refuge against
environmental stress and predators (Duniway 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 biochar-induced changes in their physico-chemical properties.
Interestingly in the case of the short-term microcosm experiment (Section 5.3.1.2), after 2
weeks, significant increases were observed not only in the case of the acidic soil but also the
calcareous soil, probably due to the rapid utilization of the added nutrients from the biochar
itself.
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After 1 month, the highest H-indexes (the highest diversity values) (Figure 38.c) were
detected in the 15 t/ha, and 30 t/ha BC treated acidic soil samples, 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 to the fertilised control.
In contrast, in the calcareous soil, only the 15 t/ha BC treatment caused a significant
increase (2–4%) in the H-indexes, which was maintained throughout the experiment. These
long-term enhancements illustrate the positive indirect effect of long-term pH increase and
higher available P2O5 on the soil microbiological characteristics.

*

30th month

*

AWCD

1.0

1st month

* *

0.5

0.0

Treatments

ACIDIC

CALCAREOUS
1st month

3.4

H-index

3.0
2.8
2.6
2.4

(c)

Treatments
ACIDIC

CALCAREOUS

30th month

* *
*

20
15
10
5
0

Treatments

(b)

ACIDIC

CALCAREOUS

30th month

* *

3.2

25

Respiration intensity [-dp/dt hPa/min]

(a)

1st month

30

Substrate number [pcs]

1.5

(d)

*

0.014
0.012

30th month

*

0.010
0.008
0.006
0.004
0.002
0.000
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CALCAREOUS

Figure 38 Changes in the biological activity indexes during the field study: (a) Average Well Colour Development (AWCD) (b)
Substrate Number (c) and Shannon diversity index from the Biolog® EcoPlate™ test; (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 30th 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 significant 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 calcareous 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% non-significant 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 soils (Khadem
and Raiesi, 2017).

5.4.3. Environmental implications: impact of treatments on soil ecotoxicity and soil
habitat function
Numerous studies demonstrated the importance of ecotoxicological criteria in
characterising the complex effects of biochar on soil (Domene et al., 2007; X. Domene et al.,
2015; Molnár et al., 2016; Tammeorg et al., 2016; Yang et al., 2019). Furthermore, ecotoxicity
testing is of paramount importance due to changes during the aging process. Biochar often
contains polycyclic aromatic hydrocarbons (PAHs) and heavy 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 entire lifetime should be carefully
evaluated (Duan et al., 2019; Oleszczuk and Kołtowski, 2018; Sigmund et al., 2017).
We found that biochar addition to the acidic soil had no toxic effect on the Sinapis alba
root elongation (Figure 39.a) neither on the short or the long term, moreover a slight
enhancement was observed throughout the experiment (on average 2–30% in various
cases). The enhancement observed after 1 and 5 months (21–51% compared to the NPK
control) ceased by the end of the study except for the 15 t/ha BC treatment resulting 7.5%
stimulation, while the 3 t/ha and 30 t/ha BC doses slightly (< 9%), non-significantly 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 5–26%). The RMANOVA analysis supported our
observations regarding 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 shoot and 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 non-significant inhibition occurred at 3 t/ha and 15 t/ha BC addition to the acidic
sandy soil (17% and 3% respectively, compared to their C+NPK) (Figure 39.b) after 1 month,
but this effect did not last. Shoot elongation was slightly stimulated in time with incremental
biochar doses (30 t/ha BC resulted 15% and 21% increase by the 5th and the 30th 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 calcareous soil (Table 25).
5th month

30th month

Mustard shoot elongation [mm]

Mustard root elongation [mm]

1st month
40

*

30
20
10
0

30

1st month

5th month

30th month

25
20
15
10
5
0

Treatments
Treatments
(b)
ACIDIC
CALCAREOUS
ACIDIC
CALCAREOUS
Figure 39 Changes in the white mustard – Sinapis alba root (a), shoot (b) elongation in the microcosm experiment No. 1.

(a)

Table 25 RMANOVA results 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.

Mustard root elongation
Soil type
1
BC Treatment
4
Soil x Treatment
4
Time
2
Time x Soil
2
Time x Treatment
8
Time x Soil x
8
Treatment

Mean
Square

F
ratio

pvalue

408.29
18.31
10.08
33.26
87.48
11.11

66.4
3.00
1.64
10.12
26.63
3.38

0.000
0.054
0.216
0.000
0.000
0.007

7.98

2.43

0.037

Source of variation

d.f.

Mustard shoot elongation
Soil type
1
BC Treatment
4
Soil x Treatment
4
Time
2
Time x Soil
2
Time x Treatment
8
Time x Soil x
8
Treatment

Mean
Square

F
ratio

pvalue

20.66
17.72
14.42
161.24
58.65
4.24

5.25
4.50
3.66
28.77
10.47
0.76

0.039
0.017
0.033
0.000
0.000
0.643

6.02

1.07

0.411

Based on the results it can be stated, that in our study at field-scale, the results of the
Sinapis alba root and shoot elongation test indicated that in the biochar treated acidic sandy
soil the conditions for root and shoot elongation were good for S. alba, no inhibition 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 conditions 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 plant type (Oleszczuk et al., 2013; Solaiman et al., 2012, 2010; Van
Zwieten et al., 2010). Several researchers investigated the biochar parameters, particularly
pyrolysis temperature, influencing the toxicity to plants (Bargmann et al., 2014; Hagner et
al., 2016). They found that biochars produced at low temperature (~300°C) had a negative
effect on plant growth, while the high-temperature 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 indirect effect of biochar as a response to the increased pH,
nutrient-supply and water holding capacity.
The Enchytraeus albidus avoidance test showed that the test animals in the acidic sandy
soil always preferred (significantly) the biochar treated side against the control (Figure 40
and Figure 41). 83% of the test-animals chose the BC treated soils upon 30 t/ha BC treatment
compared to C+NPK. In the 3 t/ha BC and the 30 t/ha BC 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 preference 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 one. No significant
preference indicates that the biochar-treated and control calcareous soil presented a similar
environment (habitat) for soil living animals.
ACIDIC

CALCAREOUS

Figure 40 Distribution of Enchytraeus albidus between the two sides of the Petri dish at the 30 th-month sampling. Data
represent averages of three replicates.

The ANOVA analysis of the dataset showed that the effect of treatment was significant
in the case of the acidic soil (p<<0.05) but not the calcareous soil (p>>0.05).
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Soil living animals as test organisms for 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 Römbke, 2001; Dodard et al., 2003; Kuperman et al., 2006) and
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; Natal-DaLuz et al., 2008), pH (Amorim et al., 2008; Chelinho et al., 2011), electrical conductivity
(Delgadillo et al., 2017; Owojori and Reinecke, 2009) and texture (Amorim et al., 2008; NatalDa-Luz 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 biochar-mediated positive changes in acidic sandy soil, such as increased
pH, OM and WHC.

Figure 41 Enchytraeus albidus soil preference at the 30th-month sampling. Data represent averages of three replicates.
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5.4.4. Overall evaluation and conclusion of the field study and comparison with the
microcosm experiments
In this field study – based on the results of our previous lab-scale microcosm
experiments - we aimed at improving degraded soils focusing on two different soil types
(acidic sand – Lamellic Arenosol and calcareous sand – Mollic Umbrisol) applying biochar.
Based on both the results of the short-term microcosm experiment and the field study,
the biochar-mediated influences on soil properties were different in the two examined soils,
proving that the effects of biochars must be verified for different soil types. The previously
screened and selected as the best performing grain husk and paper sludge biochar induced
positive effects on the physico-chemical and biological properties of the studied acidic sandy
soil and ensured favourable conditions to plants, bacteria, and soil living 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 contrasting effects to the short-term laboratory
studies. This long-term field study yielded numerous positive results involving direct and
indirect beneficial effects over time. The alkaline pH, as well as the relatively high OM- and
nutrient (P and K) content and BET surface area of the applied biochar, made it a good
ameliorant for acidic sandy soil. The long-term favourable effects (2.5 years) of the grain
husk and paper fibre biochar on the soil physico-chemical and biological properties
demonstrated the efficient applicability of this product to acidic sandy soils in a temperate
region. The beneficial effects of the discussed biochar on the nutrient supply (OM, P, K
content) and biological activity that were visible in the short-term (Section 5.3.1) and the
mid-term microcosm study (Section 5.3.2) were reflected and roved in also the field study.
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6. General conclusions
Before reliable and efficient use of biochar products as a 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 cost-effectiveness? Could the short-term positive effects be justified 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, I aimed to establish a soil improvement technology
applying biochars and to answer these questions with the above issues in mind.
To date, the information regarding the long-term effects of biochar on different
degraded sandy soils monitored by a complex methodology and in field studies is quite
limited. Laboratory scale studies assessing the short-term effects on soil physico-chemical
properties and productivity are best represented in the literature. Results of these shortterm studies have demonstrated that the influence of biochars on different soil properties
ranges widely from negative to highly positive. Besides, the systematic scale-up testing of
the biochar effects is 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 on a complex assessment of the long-term 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 long-term effects of biochars, particularly the grain husk and
paper sludge biochar on the physico-chemical properties and the microbial activity, as well
as on the soil biota of sandy soils.
The scale-up experimental plan of our study started with the laboratory screening of
various biochar products for a selection of the most effective biochar types. According to the
screening-scoring methodology in the first phase of the scale-up technology development,
many of the examined biochars featured high scores, which justified 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 from the technological and
environmental efficiency point of view.
The screening-ranking phase was followed by short-term 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 experiments, we 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 physico-chemical properties of
the tested acidic and calcareous sandy soil and the soil biota (Farkas et al., 2018; Molnár et
al., 2016).
140

The results of the microcosm experiment confirmed the applicability of our
multicriteria decision system, as the efficiency of grain husk and paper fibre sludge-based
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 of the effect
of grain husk and paper fibre sludge-based biochar. The results of the applied complex
monitoring methodology had confirmed the favourable long-term effects of the selected
biochar in the studied acidic sandy soil also at field scale. The changes in biochar properties
during the ageing process did not induce any negative effects.
Nevertheless, in the field study, the biochar-mediated 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 15–30 t/ha grain husk and paper fibre sludge biochar at field scale
significantly improved the soil physico-chemical parameters (pH, WHC, OM, available P- 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, agrotechnical practices,
fertiliser application, which can alter soil properties too, the field studies are essential. The
multi-stage approach applied in this PhD research, including long-term field demonstration
and employing a complex monitoring methodology, is unique.
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 field-scale studies, as well as to understand the environmental
factors controlling biochar-induced changes.
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7. New scientific results - Thesis points
1. A Multi Criteria Decision Support System (MCDSS) was developed for the
characterization, ranking and selection of biochar products aiming their efficient and
risk-based application for soil improvement. (V)
a. I 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. I 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 field-scale. (V)
2. I proved, based on the results of the laboratory microcosm experiments prior to the field
study that the applicability of different biochars should be investigated and evaluated on
a case-by-case or “char by char” basis, following the changes over time. (I, II, III, IV)
3. Based on the results of field experiments, I have demonstrated that biochar produced
from grain husk and paper fibre sludge is suitable for improving the physico-chemical
and biological properties of acidic sandy soils in a temperate region (in Eastern Hungary)
at a treatment ratio of 30 t/ha. (I)
a. I proved that the applied biochar significantly increased the pH and water holding
capacity of acidic sandy soil not only in the short term but also after 2.5 years. (I)
b.

I found that the applied biochar was suitable for the long-term increase of the organic
matter content, available potassium and phosphorus content of acidic sandy soil, and
maybe suitable for reducing the dose and increasing the efficiency of fertilization. (I)

c.

I 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® EcoPlate™ microbial substrate utilization method
[average well colour development value (AWCD), substrate richness, Shannon
diversity]. (I)

d.

I found that 30 t/ha grain husk and paper fibre sludge-based biochar did not have any
adverse effect on the tested plant and animal test organisms (Sinapis alba, Triticum
aestivum, Folsomia candida and Enchytracheus albidus), so its use was also reliable in
terms of environmental efficiency. (I)
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e.

I revealed that the Enchytraeus albidus soil preference test was 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; conversely, in the calcareous
soil, no significant preference was detected as a result of biochar addition. (I)

4. I demonstrated that the effect of a certain biochar treatment in the two different soils
(acidic sandy soil and calcareous neutral sandy soil) was different due to the various
physico-chemical and biological properties of the soils. (I)
a. Based on the applied complex technology monitoring, I 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 soils. (I).
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9. Supplementary material
9.1. Summary of experimental set-up and applied methodology
Table 26 Methods applied in the different phases of the technology development

Ecotoxicity/
Ecological tests

Biological tests Physico-chemical
tests

Characterization
and ranking of
biochars
pH
WHC
Loss on ignition
Nutrients (OM, P, K, N, CEC)
BET, sum pore volume
XRF
Bacteria CFU
Fungi CFU
Biolog® EcoPlate™
Substrate induced soil
respiration
S. alba root/shoot
inhibition
T. aestivum root/shoot
inhibition
F. candida mortality
E. albidus avoidance
Z. mays growth

Microcosm
No. 1

Microcosm
No. 2

Microcosm
No. 3

Field
trial
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9.2.

Applied methodology

9.2.1. Physico-chemical analysis
9.2.1.1.

pH

The pH of the samples was measured according to the Hungarian Standard HS 214702:1981. In case of the biochar samples (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 measurements, 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 characteristics to deduce the productivity of the studied
soil.
WHC (water holding capacity) was measured as described by Öhlinger (1995). 25−25
g of samples were weighed into plastic tubes 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 annealing crucibles and dried in a 105 °C
oven for 24 hours to reach constant weight. After drying, the samples were left to cool down
in a desiccator and weighed.
The water holding capacity can be determined using the following formula:
𝑚𝑤 −𝑚𝑑

WHC% = (

𝑚𝑑

) ∗ 100%

WHC% – the water holding capacity [%]
mw - mass of wet soil sample taken from cylinder g]
md - mass of 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 method the 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, the TOM content of the sample
decomposes into carbon dioxide and water, while the mineral content remains as ash.
Loss on ignition (LoI) was determined according to Sluiter et al. (2008), to estimate soil
organic matter based on gravimetric weight change associated with high-temperature
oxidation of organic matter.
2−2 g of soil samples are dried to constant weight 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
(Figure 42).
The loss on ignition can be determined using the following formula:
LOI% = (

𝑚𝑑 −𝑚𝑖
𝑚𝑑

) ∗ 100%

LOI% – the loss on ignition [%]
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].

Figure 42 Crucibles with soil samples prepared for ignition
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9.2.1.4.

Determination of nutrient content and cation exchange capacity

The following physico-chemical parameters were determined at the Institute for Soil
Science and Agricultural Chemistry of the Hungarian Academy of Sciences (MTA-ATK-TAKI):
- organic matter (OM) content according to HS-08-0452:1980 using the modified
Walkley-Black method,
- total nitrogen content with Kjeldahl method based on ISO 11261: 1995,
- ammonium- and nitrate-nitrogen content and the ammonium-lactate-soluble P2O5 and
K2O based on HS 20135: 1999,
- cation exchange capacity with a modified Mehlich method (based on HS-08-0215: 1978).

9.2.1.5.

Elemental analysis with X-Ray Fluorescence spectroscopy (XRF)

For the elemental analysis of the biochar, a NITON XL3t portable device by Thermo
ScientificTM was used. During the measurement, three filters were used: the 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 operates between the atomic numbers
of 19 (K) and 92 (U).
About 20 grams of air-dried samples were 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 filter. 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, Ag, Pd. Elemental 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 absorbed onto the
surface of the measured substance. The exact amount of the adsorbed gas depends on the
gas pressure, temperature, the gas-type as well as the surface area. By choosing and
controlling the measuring gas and the temperature, the specific surface area 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 sample (m2/g).
The specific surface area and pore volume were measured by low temperature (-196
°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 Materials Science, BME. Airdried 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-1 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
BET model. The total pore volume was determined on the basis of the adsorbed volume at
p/p0≈1, assuming that the pores are then filled with liquid nitrogen. The DubininRadushkevich model was used to determine the micropore volume.

9.2.2. Biological methods
9.2.2.1.

Aerobic heterotrophic bacterial and fungal counts

To monitor the biological activity of the amended soils, cell concentrations of aerobic
heterotrophic bacteria and fungi were determined by aerobic plate count technique based
on the method originally described by Benedetti 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 3005 analogue orbital shaker,
Budapest, Hungary). From the soil suspension, a 4-member decimal dilution series were
prepared, and three consecutive members of the dilution series (10-3, 10-4, 10-5) were
cultivated according to the expected concentration of aerobic heterotrophic living cells. For
the cultivation of bacteria sterilised meat agar media was used [peptone-glucose-meat
extract (PGM)] and malt agar media for fungi. 100 μL from each selected dilution member of
soil suspension was pipetted into Petri-dishes and 10 mL agar was poured into each Petridish and was incubated (VELP FOC 225I cooled incubator, Budapest, Hungary) at 30 C for
72 h. Finally, the number of developed colonies (Colony Forming Units –CF, Figure 43) was
counted, and the cell-concentration in the soil was determined [CFU/g soil].
During the pre-screening phase of the biochars, the results were given in Viability Index
[CFU*10-3/g], by summarizing the bacteria and fungi number.

Figure 43 Petri dishes after incubation: developed bacteria (left) and fungi (right) colonies
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9.2.2.2.

Determination of microbial substrate utilisation patterns by Biolog® Ecoplate™
method

The BIOLOG® EcoPlateTM contains 31 different, ecologically relevant carbon sources in
three parallels (hydrocarbons, amino acids, other nitrogen compounds, lipids, biological
polymerics etc.), which allow studying the substrate utilisation patterns of the soil’s
microbial community (Figure 44).

Figure 44 Allocation of substrates on the Biolog® EcoPlate™
(http://www.ecologiemicrobiennelyon.fr/IMG/pdf/eco_microplate.pdf)

Incubating environmental samples (e.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 utilisation (Figure 45). The measurement was
carried out according to Nagy et al. (2013). 5–5 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 μL of this suspension was pipetted into the wells, and then
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 Biolog® EcoPlate™ method usually measures
optical density (OD) at 590 nm because the peak absorbance of the tetrazolium dye occurs
at 590 nm (Muñiz et al., 2014).

173

Because our microplate reader was equipped with 405, 450, 490 and 630 nm filters, we used
the absorbance values of 490 nm reading, as the OD values of the 490 nm reading seemed
optimal (Nagy et al., 2013). All measurements were done in three replicates as the 96 well
system contains three times both the 31 carbon sources and the control well (blank) (Figure
44). The OD values were subjected to data corrections before evaluation. First, the control
well OD value was subtracted (it contains only water for the reading of the net absorption
value) from each OD value of the substrate containing wells, second the initial OD value of
each well (measured right after filling the wells with the soil suspension to eliminate the
effect of soil particles on the optical density values) was also subtracted from the previously
corrected OD values of each well.
Negative values were set to 0. The OD values for data evaluation were applied at 120 h since
these represented the optimal range of OD readings (Nagy et al., 2013). The endpoints
calculated from the corrected data were the following: average well colour development
(AWCD), substrate richness (SR) and Shannon Index (H-index). Average Well Colour
Development (AWCD) was calculated for all carbon sources with the following equation,
according to Gryta et al. (2014): AWCD =∑ODi/N, where ODi is the corrected OD value of
each substrate containing well and N is the number of substrates, in this case, N = 31. To
determine the Substrate Richness (SR), the number of wells in which the Optical Density
value reached 0.5 (ODi>0.5) after 120 h were counted. The Shannon index (H) resulted from
H =−ΣPi ln(Pi), where Pi = ODi/ΣODi, which is the proportional colour development of the
well over total colour development of all wells of a plate (Garland and Mills, 1991; Tam et al.,
2001)

Figure 45 Biolog® EcoPlate™ after 120 h incubation
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9.2.2.3.

Substrate induced soil respiration

In addition to the biological parameters, at the 30th-month sampling of the field
experiment, Substrate Induced Respiration (SIR) measurement was carried out. During the
measurement, the soil respiration response was examined during the utilization of glucose
as a carbon source, which is proportional to the part of the soil microflora that can utilize
this substrate. The respiratory response is provided only by active, living, aerobic
microorganisms. The method takes advantage of the fact that microorganisms use oxygen
for their cellular respiration and produce carbon dioxide during the utilization of the
substrate. This carbon dioxide produced is sequestered, so there is a pressure drop in the
closed reactor that is proportional to the amount of CO2 produced.
To measure the samples’ respiration intensity, WTW Respirometric OxiTop®
measuring system (Molnár et al., 2009; Nagy et al., 2013) was used (Figure 46). 10 g fresh
soil was placed into a 100 mL of volume Schott bottle, homogenised with dextrose solution
(10 g dextrose/100 mL) and the moisture content was set to 60% of the soil’s WHC.
The OxiTop probes were attached to the vessels, and they were incubated at 21.5°C for 3
hours before the measurement started.
The OxiTop probes were measuring the pressure every 20 minutes for five days. To evaluate
the results, the slope of the linear functions was determined with OriginProTM 8 Software as
Respiration Activity Index.

Figure 46 Experimental set-up for substrate induced respiration measurement
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9.2.3. Ecotoxicological and ecological methods
9.2.3.1.

Root and shoot growth inhibition test with Sinapis alba and Triticum aestivum

Higher producer plant organisms are important members of the ecosystem, many of
which are suitable for environmental toxicological studies of soil, sediment and water
samples. If these plants are exposed to a toxic substance, their germination and growth
become inhibited. The toxicity of a given contaminant can be inferred from the inhibition of
germination or the measurement of root or shoot length. During the research, two plant test
organisms were used: white mustard (Sinapis alba) and common wheat (Triticum aestivum).
Both species are sensitive to a wide range of contaminants.
The seedling tests were carried out according to HS 21976-17:1993 with Sinapis alba
(white mustard) (Herbária, Budapest, Hungary) and Triticum aestivum (common wheat)
(Biorganik, Budapest, Hungary). The standard was modified to direct contact with soil as
described by Leitgib et al. (2007), and the tests were performed as described by Molnár et
al. (2016). 5 g dry powdered (ground and sieved through a 2 mm sieve) soil was measured
into a glass Petri-dish (10 cm in diameter, 2 cm height) and 20–20 Sinapis alba or 16-16
Triticum aestivum seeds were placed onto it, wetted to saturation and incubated for three
days in darkness at 23 ± 1°C. The shoot and root lengths of the developed seedlings (Figure
47) were measured, and the average was calculated (Leitgib et al., 2007).

Figure 47 Sinapis alba (left) and Triticum aestivum (right) seedlings after 72 h incubation

9.2.3.2.

Folsomia candida mortality test

Folsomia candida, belonging to the order of Collembola, is a white terrestrial insect
approximately 3-4 mm long and 1 mm wide. There is a high density of these soil-dwelling
organisms in all parts of the world which are sensitive to toxic substances through inhalation
and dermal contact (Gruiz et al., 2001). This property makes these small insects suitable for
the detection of volatile contaminants in soil samples in acute and chronic toxicity studies.
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The Folsomia candida (laboratory culture) mortality test was carried out according to
the international standardised test method ISO/TC 190SC4, WG2. The test was carried out
in a 200 cm3 of volume closed glass container. 10–12 days old juveniles from a synchronised
culture, from which 10 animals (Figure 48) were placed onto 10 g of dry powdered (ground
and sieved through a 2 mm sieve) soil and incubated at room temperature for 7 days in
darkness. As food and water supply, 5 mL of water and dried yeast powder was added at the
beginning of the test. At the end of the exposure period, water was added to the jars stirred
thoroughly, and the alive animals floated to the top of the suspension, where they were
counted. The mortality percentage values of soil samples were determined compared to
control.

Figure 48 Folsomia candida test animal (http://enfo.agt.bme.hu/drupal/sites/default/files/collembola_4_1%20(1).jpg)

9.2.3.3.

Enchytraeus albidus soil preference tests

As part of the ecotoxicological methodology, soil preference behavioural test was
conducted using a modified Enchytraeus albidus (potworm/white worm) avoidance tests at
the 30th-month sampling of the field test. Avoidance (or soil preference) is a selection activity
of the animals between two soil samples with different properties. To select the soil with the
best habitat function, we offered the animals different BC concentrations in pairs as well as
the control soil as described by Kerekes and Feigl (2018), based on Amorim et al.’s (2005)
work. In case of the microcosm experiment No. 3, all the treatments were paired with each
other and the control as well. In case of the field experiment, we tested the preference
between the C+NPK and the biochar-treated soil as well as the highest and lowest biochar
dose.
To carry out the test, 20-20 g of soils were measured into the two sides of a 9 cm
diameter Petri dish and irrigated with 4-4 ml of boiled tap water. 4-4 adult animals were
placed on each side of the Petri-dish. After 96 hours of incubation, the number of animals on
the two sides was counted.
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Figure 49 Enchytraeus albidus soil preference tests experimental set-up

9.2.3.4.

Zea Mays plant growth test for agronomic performance

In case of microcosm No. 2 to assess the biochars’ effects on the soil fertility and
agronomic performance after the 1-year incubation period pre-germinated maize (Zea
mays) 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 one month. The pots were weighed weekly, and the water loss was
replaced. At the end of the 1-month growing period of the maize seeds in pots, the total
chlorophyll content of the leaves of the removed plants was measured and calculated,
according to Fekete-Kertész et al. (2015).
After leaf mass measurement, chlorophyll content was extracted from the maize leaves with
96% ethanol, and the absorbance of the samples was measured spectrophotometrically
(Sanyo SP55 UV/VIS spectrophotometer) after 24 hours.
Total chlorophyll content of the sample was calculated with Lichtenthaler’s (1987) formula,
and the results were normalised with the initial total mass of the leaves (Fekete-Kertész et
al., 2015; Lichtenthaler, 1987).

C a b  (5.24  A664  22.24  A649 )  E
where:
Ca+b: total chlorophyll content of the sample (µg)
A664: absorbance values at 664 nm wavelength
A649: absorbance values at 649 nm wavelength
E: the amount of EtOH (96%) applied for the extraction (mL)
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9.3. Results of the biochar characterization
Table 27 Results of the biochar screening - technological efficiency parameters.

Characteristics of biochars - Technological efficiency
Biochar

pH

Ash
content
[%]

WHC
[%]

BET
[m2/g]

Sum pore
volume
[cm3/g]

TOC
[%]

Sum
N
[%]

C/N
ratio

AL-P
[mg/kg]

AL-K
[mg/kg]

BC1-PFS

8.8±
0.0

40.17±
3.09

169.10±
6.13

175.0±
26.3

0.145±
0.022

63.20±
9.48

1.49±
0.22

42.5±
6.4

5713±
857

8889±
1333

BC2-PFSA

6.8±
0.0

68.50±
1.56

105.33±
0.73

4.6±
0.7

0.021±
0.003

20.85±
3.13

1.37±
0.206

5010±
752

20894±
3134

BC3-BCM

8.3±
0.0

63.32±
1.09

115.82±
0.79

57.0±
8.6

0.044±
0.007

21.44±
3.22

0.69±
0.10

15.2±
2.3
31.0±
4.7

5913±
887

9260±
1389

BC4-BCMO

8.0±
0.0

60.07±
3.23

113.67±
0.51

19.0±
2.9

0.029±
0.004

22.63±
3.39

0.83±
0.12

27.2±
4.1

9343±
1401

9768±
1465

BC5-W

9.3±
0.0

19.60±
1.41

150.88±
2.22

284.0±
42.6

0.053±
0.008

74.1±
11.12

1.15±
0.17

1610±
242

16871±
2531

BC6-V

9.8±
0.1

16.05±
1.69

178.77±
2.06

257.0±
38.6

0.148±
0.022

52.32±
7.85

0.35±
0.05

64.4±
9.7
147.6±
22.1

4757±
714

16262±
2439

BC7-BC

8.5±
0.0

4.61±
1.48

168.54±
3.38

183.6±
27.5

0.099±
0.015

38.64±
5.80

0.21±
0.03

187.9±
28.2

403±
60

2887±
433

BC8-S

10.0±
0.0

18.36±
0.75

312.11±
1.36

9.9±
1.5

0.011±
0.002

30.31±
4.55

0.27±
0.04

1837±
276

35570±
5335

BC9-MP

9.0±
0.0

6.80±
0.44

196.86±
1.22

260.0±
39.0

0.145±
0.022

41.11±
6.11

0.14±
0.02

111.0±
16.7
297.3±
44.6

703±
105

1622±
243

BC10-NB

9.9±
0.0

14.30±
0.12

135.16±
2.31

35.8±
5.4

0.038±
0.006

26.96±
4.04

0.24±
0.04

110.2±
16.5

4300±
645

14518±
2178

BC11-WSD

8.4±
0.0

17.82±
0.83

153.44±
4.11

185.0±
27.8

0.090±
0.014

32.5±
4.88

0.39±
0.06

373±
56

3084±
463

BC12-SP

9.0±
0.0

30.64±
0.33

107.28±
11

22.0±
3.3

0.036±
0.005

38.0±
5.70

0.84±
0.13

82.6±
12.4
45.2±
6.8

3664±
550

10403±
1561

BC13-CM

8.5±
0.1

25.59±
0.40

265.11±
0.57

8.7±
1.3

0.015±
0.002

26.2±
3.93

0.24±
0.04

109.3±
16.4

4527±
679

16667±
2500

BC14-M

9.2±
0.1

12.26±
1.81

267.55±
9.20

440.0±
66.0

0.234±
0.035

80.0±
12.00

0.60±
0.09

133.3±
20.0

1100±
165

7500±
1125
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Table 28 Results of the biochar screening - environmental efficiency parameters
Characteristics of biochars - Environmental efficiency
Plant growth 1.
Mustard [%]
Root

Shoot

Plant growth
2. Wheat
root
[%]

1409

39.9±
0.1

-27.3±
2.6

58.4±
2.0

10.0±0.9

<LOD; 20.7±2.2; <LOD; <LOD; 55.5±6.1

7094

38.7±
2.7

-29.8±
1.5

43.0±
0.8

0.0±0.0

BC3-BCM

199.2±39.2; 140.4±0.5; 43.9±13.1;
77.8±18.0; 855.3±52.3

19914

9.8±
0.3

22.2±
1.2

83.6±
9.6

25.0±0.0

BC4-BCMO

<LOD; 132.7±9.1; 23.6±4.3; <LOD;
863.4±77.1

12132

87.3±
6.4

60.1±
7.5

91.9±
18.1

30.0±0.

BC5-W

<LOD; 41.1±3.5; <LOD; <LOD; 334.0±9.5

1048

84.2±
6.6

61.9±
4.2

67.7±
11.3

22.5±0.0

BC6-V

<LOD; 111.8±3.0; 29.1±1.4; <LOD;
219.7±27.6

12

94.3±
24.2

97.7±
41.2

88.2±
19.3

35.0±5.8

BC7-BC

<LOD; 16.4±2.3; <LOD; <LOD. 46.2±0.8

4937

20.7±
1.6

49.6±
7.1

78.8±
10.1

17.5±2.6

<LOD; 23.2±1.7; 33.3±13.6; <LOD;
274.3±37.2

21

93.1±
15.4

95.7±
10.4

100.0±
0.0

52.5±7.9

BC9-MP

<LOD; 42.7±3.8; 70.2±18.9; <LOD; 48.6±9.1

625

57.0±
8.8

19.1±
2.6

75.9±
5.2

37.5±4.8

BC10-NB

<LOD; <LOD; <LOD; <LOD; 30.3±4.6

1371

100.0±
0.0

100.0±
0.0

77.5±
12.7

50.0±7.5

BC11-WSD

<LOD; 23.1±3.5; <LOD; <LOD; 343.8±12.6

493

39.8±
1.0

50.9±
9.7

60.3±
5.0

55.0±8.6

BC12-SP

<LOD; 72.1±1.7; <LOD; <LOD; 224.5±7.5

3040

61.7±
5.4

23.8±
1.1

72.9±
11.8

67.5±10.6

BC13-CM

<LOD; 250.8±14.8; <LOD; <LOD; 893.6±55.3

1443

97.5±
21.2

97.9±
41.0

66.4±
2.3

15.0±1.2

BC14-M

<LOD; 48.6±0.2; 46.7±7.3; <LOD;
160.6±17.8

833

100.0±
0.0

100.0±
0.0

91.9±
16.4

40.0±7.3

Toxic element–
Co. Cu. Cr. Ni. Zn
[mg/kg]

Viability index
[CFU*103/g]
Bacteria + Fungi

<LOD; 52.0±5.0; 20.8±1.4; <LOD;
116.2±11.2

BC2-PFSA

Biochar

BC1-PFS

BC8-S
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F. candida
lethality
[%]

9.4. Statistical evaluation - short summary
Applied software: TIBCO Statistica™ 13.4. software

9.4.1. One-way analysis of variance (ANOVA)
The One-way ANOVA can test the equality of several population means. It is an extension of the
pooled variance t-test.
The Purpose of Analysis of Variance. In general, the purpose of analysis of variance (ANOVA) is
to test for significant differences between means.
One-way analysis of variance (ANOVA) was performed identifying significant effects
(p<0.05) in the case of screening phase.
Tukey’s honestly significant difference test was applied to compare the effects of the
different biochars.
For the Enchytraeus albidus avoidance test one-way ANOVA was applied to compare the
number of animals at the two sides of Petri-dishes (in case of different pairs). The avoidance
is a binomial random variable, thus first, arcus sinus square root transformation was applied
to normalize the dataset

9.4.2. Repeated measures analysis of variance (ANOVA)
Repeated measures ANOVA is the equivalent of the one-way ANOVA, but for related, not
independent groups, and is the extension of the dependent t-test.
A repeated measures design is one in which at least one of the factors consists of repeated
measurements on the same subjects or experimental units, under different conditions and/or
at different time points. In that case we measure data repeatedly at different time intervals
Repeated measures analysis of variance (RM ANOVA) was performed in case of experiments
where various samplings were conducted to investigate whether the biochar treatments, the
soil type or sampling time and their interactions have an effect on the given soil parameter.
Biochar treatment and soil types (where applicable) were considered grouping factors
(between subject effect) and the within subject factor were the sampling times, which vary
within the grouping factors.

The ANOVA table of RM ANOVA summarizes the following data:
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d.f. - degrees of freedom: Degrees of freedom of an estimate is the number of independent
pieces of information that went into calculating the estimate. It’s not quite the same as the
number of items in the sample. This is the total number of values minus 1.
SS - sum-of-squares ach mean square value is computed by dividing a sum-of-squares value
by the corresponding degrees of freedom.
MS- Mean Square: The sum of squares (SS), which measures the variability (uncertainty,
error) of data, is calculated as the sum of the squares of the distances between each
observation and the mean.
F ratio - F ratio is computed by dividing the MS value by another MS value. The MS value for
the denominator depends on the experimental design.
P-value - P-value ≤ α: The differences between some of the means are statistically
significant.
If the p-value is less than or equal to the significance level, you reject the null hypothesis and
conclude that not all of population means are equal
RMANOVA table shows for example the effects of time, biochar treatment, and their
interactive effect (within-subject variability is estimated)
If the p-value is less than 0.05 the effects of time, biochar treatment or their interactive
effect is significant.
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