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Abstract

The application of biochar (the by-product of biomass pyrolysis), as a soil amendment has been accepted as a sustainable solution 

to improve soil quality. The current study aims to establish a decision support tool for characterizing, ranking, and selecting biochars 

of different origins for soil improvement, thereby contributing to the development of a systematic approach, which lacks in the 

existing literature.

The development of a Multi-Criteria Decision Support Approach applying a banded and weighted rating and scoring system allowed 

the selection and ranking of various biochars suitable for improving sandy soils before application. First, 14 selected, different 

biochar products (produced from industrial by-products, herbaceous, wood-based and manure-based feedstocks) were characterized 

with several physicochemical, biological and ecotoxicological methods taking into account both the technological and the environmental 

efficiency aspects of biochar utilization. Then, a system for the assessment and ranking of biochars for acidic, and calcareous neutral 

sandy soil improvement was developed, which could be flexibly adapted to different soil problems as well. Based on their performance 

in the tests, scores from (−5) to (+5) were assigned to each biochar. As a result, the grain husks and paper fiber sludge biochar was 

ranked as the most suitable for both acidic and neutral calcareous sandy soil improvement, with 55 and 43 scores, respectively (from 

the maximum 100). The applicability of this innovative multicriteria scoring-ranking system, as a tool for potential biochar users, was 

verified in microcosms and field-scale experiments, demonstrating the positive influence of this biochar on the acidic sandy soil.
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1 Introduction
Biochar, the solid product of organic material pyrolysis is 
a highly heterogeneous material with chemical composi-
tion and physical properties that vary depending on feed-
stock and pyrolysis conditions [1, 2]. Many studies have 
shown that biochar applied to soil positively influences 
soil physico-chemical properties and improves soil func-
tions, such as water and nutrient holding capacity [3–7], 
enhances resilience to drought and certain diseases 
and contributes to climate change mitigation by build-
ing soil carbon sinks [8]. Due to these characteristics, 
biochar, applied alone or combined with other organic 
amendments (e.g. compost, manure etc.), may poten-
tially improve crop yield [9, 10]. So, in rehabilitating soils 

with low fertility and agronomic performance, biochar 
application can be an excellent alternative to traditional 
soil-improvement methods.

Although the biochar application in various environ-
mental technologies has numerous benefits, its use has 
some limitations. The fact that the raw materials (feed-
stocks) and also the biochar product may contain high con-
centrations of organic and inorganic contaminants imposes 
the environmental and human risk assessment to pro-
vide information for a safe biochar application [2, 5, 11]. 
Connected to this topic, there are also gaps in the eco-
toxicity assessment of biochars, although several studies 
have been performed on this issue [5, 9, 11]. Furthermore, 
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environmental factors may also influence the efficiency 
of biochar products applied in soil. However, auxiliary 
data sets, such as information concerning environmental 
parameters, are incomplete in the scientific literature [12].

To predict whether applying a particular biochar on a 
particular soil will result in positive, negative or neutral 
agronomic and environmental responses, a systems-level 
understanding of soil-crop-climate-biochar interactions is 
needed [13]. Quality assessment of various biochar types 
requires, in addition to the physicochemical criteria, con-
sideration also of the ecological aspects [12–14]. It has 
been recognized [5, 15] that in order to understand the 
ecological and physicochemical effects of biochars when 
applied to various soils, biochars should be investigated 
on a "char by char basis". Thus, determining what type 
of biochar to apply to optimize environmental and agro-
nomic outcomes is very challenging.

As Meyer et al. [16] recommended, there is a need 
for systematic research to use suitable biochar quality 
grades for different soil application purposes. 

For the sustainable use and application of biochar 
Glaser et al. [17] pointed out the need to standardize analyt-
ical biochar characterization, to match biochar types with 
its intended use and to harmonize the related legislation. 

The production and application of biochar are still 
not regulated adequately at national and international 
levels. Voluntary biochar quality standards have been 
established in Europe, such as the European Biochar 
Certificate, the Biochar Quality Mandate in the UK and 
the IBI Standard in the USA which are intended to be 
used internationally [18–20]. A recent expert assessment 
performed by Tammeorg et al. [13] on the key priorities in 
biochar research has confirmed the previous findings, that 
biochar should be characterized prior to its addition to 
soil using established methodologies [18–20] 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 assessing the effects of var-
ious biochar types on soil, have not been identified in our 
literature search, except a previous study conducted by the 
authors [21]. To assess the sustainability of contaminated 
land remediation, as part of a multi-criteria decision anal-
ysis approach, a semi-quantitative scoring method was 
developed and applied by Rosén et al. [22]. They scored 
the effects of remediation based on available data, expert 
judgment, interviews. Harvey et al. [23] developed a com-
prehensive framework for evaluating the quality or carbon 

credits of different biochars, before land application, 
establishing a new recalcitrance index (R50) for quantify-
ing biochar recalcitrance. 

This paper's authors have published in a previous arti-
cle [21] a preliminary screening study focusing mainly 
on the ecotoxicity of 13 biochars to assess their future 
applicability as soil ameliorant, based on a scoring sys-
tem. Since the effect of a particular biochar on a par-
ticular soil depends on several indicators character-
izing soil-biochar-biota interactions [5–7, 13, 14], this 
study complemented the previous biochar pre-screening 
methodology [19] with additional physico-chemical and 
ecotoxicity parameters.

The main aim of the work was to select the best perform-
ing biochars from several biochar products based on the inte-
grated effects on a particular soil prior to field application. 
This objective was achieved by the developed preliminary 
screening methodology, which combined the effects on soil 
physico-chemical properties, soil biota and plant growth. 

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 and the cal-
careous sandy soils. The best performing biochars could be 
recommended as soil ameliorant based on an aggregated 
score. The system could be adapted to various soil types 
in finding a suitable biochar product for soil amelioration.

2 Materials and methods
2.1 Biochar properties
The feedstocks of the tested biochars and their pyrolysis 
conditions are given in Table 1.

2.2 Multicriteria scoring system and the scoring 
criteria
A scoring-ranking system was developed to assess and 
rank certain biochar products in terms of their suitability 
for risk-based soil amendment. As a first step, the classifica-
tion system of the Multi-Criteria Decision Support System 
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 param-
eters requiring improvement for potentially being affected 
by a relevant 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, decline in organic matter, decline 
in biodiversity) associated with sandy soils applying bio-
char as a soil amendment in agricultural land use.
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Consequently, the parameters included into the evalu-
ation system aimed at characterizing the following prob-
lems relevant to degradation of sandy soils: poor 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 sen-
sitivity to compaction with many adverse consequences. 
The mostly studied key physical properties of sandy soils 
from an agronomic point of view include grain size dis-
tribution (texture) and water-holding capacity [5, 24, 25]. 
These parameters influence the movement and retention 
of water, air and solutes in the soil [26].

The key soil chemical properties to be improved include 
pH [27–29], cation exchange capacity (CEC), organic matter 
content [30] and available nutrient content (NPK) [31, 32].

Most soil chemical properties are associated with the 
colloid fraction and affect nutrient availability, biota 
growing conditions, and, in some cases, soil physical 
properties [26]. The key soil biological parameters requir-
ing improvement in a sandy soil include microbial activity 
and biomass [33, 34].

Biological properties in the soil contribute to soil aggre-
gation, structure and porosity, as well as soil organic mat-
ter (SOM) decomposition [26]. Soil biological properties 
are interconnected with other soil physicochemical prop-
erties and affect the activity of microorganisms [26]. 

Assigning scores to the limit values of certain criteria 
was based on the scientific literature, recommendations and 
guidelines of the EBC and the IBI. Our aim was to create 
a scoring system adequately fitting both to the characteris-
tics of the degraded soil and the soil improvement goals tak-
ing into account the technological and environmental effi-
ciency. The environmental efficiency parameters provide 
information on the toxicity, the potential environmental 
risk of biochar products. Based on XRF measurements per-
formed on several biochar products and on 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 met-
als were considered in our system. Ecotoxicity tests apply-
ing plant and animal test organisms also had an important 
role besides the toxic element content.

2.3 Methodology for the characterization and ranking 
of biochars

The biochars were tested with a wide range of methods 
taking into account both the technological and the envi-
ronmental efficiency aspects. 

From the technological efficiency point of view, the bio-
chars' pH was determined in a 1:2.5 soil suspension accord-
ing to the Hungarian Standard MSZ 21470-2:1981 [35] and 
water holding capacity (WHC) according to Öhlinger [36]. 
Ash content was measured based on Sluiter et al. [37]. BET 
specific surface area (SA) and total micropore volume was 
measured by low temperature (−196 °C) nitrogen vapour 

Table 1 Properties of the selected biochars

Biochar code Biomass Pyrolysis 
temperature (°C)

Pyrolysis residence 
time (min)

Pyrolysis 
system

BC1-PFS Grain husk and paper fiber sludge 500 °C 20 PYREG®

BC2-PFSA Grain husk and paper fiber sludge, N-enriched biochar, post treated 
with stone powder and compost 500 °C 20 PYREG®

BC3-BCM Grain husk and paper fiber sludge, post treated with digestate, 
minerals 450 °C 20 PYREG®

BC4-BCMO Grain husk and paper fiber sludge, post treated with digestate, 
minerals and organic liquid 450°C 20 PYREG®

BC5-W Wood-screenings 600−700 °C 20 PYREG®

BC6-V Vine shoots (pruning) 600−700 °C 15 PYREG®

BC7-BC Black cherry wood chips 600−700 °C 15 PYREG®

BC8-S Wheat straw 600−700 °C 15 PYREG®

BC9-MP Miscellaneous meadow plants (after mowing) 600−700 °C 15 PYREG®

BC10-NB Natural biomass (herbs pomace) 700 °C 15 PYREG®

BC11-WSD Wood sawdust 600−700 °C 20 PYREG®

BC12-SP Spelts mixed with paper (2:1) 600−700 °C 15 PYREG®

BC13-CM Cow manure 650−750 °C n.a. Super Stone 
Clean®

BC14-M Miscanthus 600−700 °C 15 PYREG®
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adsorption by BET model based on Brunauer et al. [38]. 
The total organic carbon was determined using the modi-
fied Walkley-Black method [39].

The total N content was measured by the Kjeldahl 
method [39, 40]. From the measured total organic C and Sum 
N values, the C/N ratio was calculated. The plant-available 
P and K concentrations were determined in ammonium-ac-
etate lactate (AL) extract, as described by Egnér et al. [41].

From the environmental efficiency point of view, the 
Co, Cr, Cu Ni, Zn content of the biochars was measured 
by XRF (NITON XRF XL3t 600). The Viability Index 
was created by adding up the determined cultivable het-
erotrophic bacteria and fungi cell counts. Aerobic het-
erotrophic living bacteria and fungi were determined as 
described by Ujaczki et al. [27] based on the method orig-
inally described by Benedetti et al. [42]. Meat and malt 
media was used for the cultivation of bacteria and fungi, 
respectively. After 48 h incubation the developed colonies 
(Colony Forming Units — CFU) were counted, and the 
results were given in CFU/g biochar.

Ecotoxicity tests were also carried out: root and 
shoot elongation test with white mustard (Sinapis alba) 
and common wheat (Triticum aestivum) according to 
the HS 21976-17:1993 [43]. The standard was modified 
to direct contact by Leitgib et al. [44] and was carried 
out according to Molnár et al. [5]. 5 g dry biochar sample 
was measured into a glass Petri-dish (10 cm in diameter, 
2 cm height) and was wetted to 70 % of their WHC with 
tap water. Onto each sample, 20–20 Sinapis alba seeds or 
16–16 Triticum aestivum seeds (with over 90 % germina-
tion ability) were placed, and the Petri dishes were incu-
bated for 72 hours in darkness at 23±1 °C. The lengths 
of the seedlings' shoot and roots were measured, and the 
average was calculated. 

As an animal ecotoxicological test organism, 
a soil-dwelling hexapod from the class of springtails 
(Collembola), the Folsomia candida was used in a 7-day 
mortality test. The test was carried out based on the mod-
ified version of [45] and [46]. 10 g dry biochar was mea-
sured into 375 mL glass test vessels and wetted to 70 % 
of their WHC with tap water. Ten animals (14 days old, 
from a synchronized culture) were transferred into each 
test vessel, and 2 mg dry yeast was added as food for the 
animals. The glass containers were incubated for 7 days 
at room temperature in the dark. After the incubation 
period, the number of surviving animals was determined 
after flooding the test vessels with tap water by counting 
the floating, live animals.

2.4 Statistical analysis
The statistical evaluation of the datasets was carried out 
with TIBCO Statistica™ 13.4. software. One-way anal-
ysis of variance (ANOVA) was performed to investigate 
whether the biochar type had any effect on the examined 
parameter (p < 0.05). 

Tukey's honestly significant difference test was applied 
to compare the effects of the different biochars. Pearson 
Product Moment Correlation Analysis was also carried 
out to map the relationship between the examined bio-
char parameters. The level of significance was p < 0.05. 
The correlation was considered strong in the cases when 
the Pearson's correlation coefficient (r) was higher than 
0.60 and very strong at r > 0.85.

3 Results and discussion
3.1 Results of biochar characterization
The biochars were tested with a wide range of methods 
taking into account both the technological and the envi-
ronmental efficiency aspects.

3.1.1 Characterization and evaluation of biochars 
in terms of technological efficiency
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. Table 6 in the 
Appendix summarizes the results of the conducted tests, 
and selected significant properties are shown in separate 
diagrams (Fig. 1 and Fig. 2).

All of the examined biochars have alkaline pH 
(Fig. 1 (a)), except the BC2-PFSA biochar (grain husk 
and paper fiber sludge, post-treated), which has the lowest 
pH (6.8), 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 [47, 48].

BC8-S (wheat straw), BC10-NB (natural biomass) and 
BC6-V (vine shoots) show high pH values (10.0, 9.9, 9.8, 
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. 
In terms of improving acidic sandy soil, the higher pH bio-
chars are favoured.
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Increased ash content contributes to the increased pH of 
the biochars produced under high-temperature pyrolysis 
conditions, due to the higher volatilization of organic com-
pounds, therefore ash content influences biochar pH [49], 
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 fiber sludge (BC1-BC4) exhibit higher ash content 
than the plant-based biochars, probably due to the high 
mineral content of the feedstock. 

According to Laghari et al. [51], 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 min-
eral content (e.g., crop residues). For acidic soils, addi-
tional alkalinity is welcome due to the treatment with 
high-ash biochars, but additional liming may lead to poor 
crop performance for high pH soils. However, low ash 
content makes biochar more amenable to transportation 
and incorporation into soils [52].

Due to their high water holding capacity, which may 
originate from their porous structure and high specific sur-
face area, biochars can improve the water holding capac-
ity and hydraulic properties of coarse-textured soils [47]. 
In our study, the WHC of the examined biochars (Fig. 1 (b)) 
ranges widely, in general, between 100 % and 200 % with 
some outliers. According to Chen et al. [53], with the 
increasing pyrolysis temperature, the degree of aromatiza-
tion and hydrophobicity of biochar is enhanced, the num-
ber of functional groups containing O and N is decreased, 
and the water-holding capacity of biochar declines.

In our case, the biochars produced at low temperatures 
(BC1, BC2, BC3, BC4) featured lower WHCs supporting 
Laghari et al.'s [51] findings, whereby in most cases, higher 
temperature biochars had higher WHCs, due to their hon-
eycomb-like structure and less hydrophobic properties. 
The post-treated versions of the grain husk and paper 
fiber sludge-based biochar (BC1-PFS), namely BC2-PFSA 
(post-treated with stone powder and compost), BC3-BCM 
(post-treated with digestate, minerals) and BC4-BCMO 
(post-treated with digestate, minerals, and organic liquid) 
furthermore the BC12-SP (spelts mixed with paper (2:1)) 
biochar were not statistically different from each other 
(based on the ANOVA analysis) and had the lowest WHC. 
Besides pyrolysis temperature, the applied post-treat-
ments could also influence the WHC, blocking the pores 
of biochar and thereby reducing water retention.

However, 3 of the remaining biochars, namely BC8-S 
(straw), BC13-CM (cow manure), and BC14-M (mis-
canthus), have extremely high WHC, 312 % 265 % and 
268 %, respectively. Basso et al. [31] confirmed that bio-
char increased the water holding capacity of sandy loam 
soils, and the availability of some nutrients. 

In relation to the WHC, the evolution of BET surface 
area (Fig. 2 (a)) and pore volumes (Table 6 in the Appendix) 
also need to be evaluated. These parameters play an import-
ant role in improving degraded soil's hydraulic conditions 
as well as nutrient retention. According to Chen et al. [53], 
the biochars' specific surface area is usually in the range of 
1.5−500 m2/g, which is similar to our experience (Fig. 2 (a)), 
and it increases with the pyrolysis temperature within a 
certain range. Once the temperature exceeds the critical 
value, the specific surface area decreases with increasing 

Fig. 1 (a) pH values and (b) Water Holding Capacity of the examined biochars. Data represent averages of three replicates and error bars are standard 
deviation. Letters on the columns indicate significant differences (p < 0.05)
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temperature, probably as a consequence of the destruction 
of the microporous structure [53]. However, in our case, 
there is no apparent trend considering the pyrolysis tem-
perature. Some of the biochars, namely BC1-PFS (grain 
husk and paper fiber sludge), BC6-V (vine shoots), BC7-BC 
(black cherry), BC9-MP (meadow plants), BC11-WSD 
(wood sawdust), BC14-M (miscanthus) have an exception-
ally high specific surface area exceeding 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 sta-
tistically 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).

Fig. 2 Differences in the physicochemical properties of the biochars: (a) BET specific surface area, (b) total organic carbon content (c) sum nitrogen 
content, (d) C/N ratio, (e) ammonium-lactate-acetate soluble K2O, (f) P2O5 . Data represent averages of three replicates and error bars are standard 

deviation. Letters on the columns indicate significant differences (p < 0.05)
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The residual non-combustible component content usu-
ally depends on the feedstock and influences the surface 
area, besides 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 [52]. 

The biochars' total pore volume also varies greatly, 
and no distinct tendency can be observed (Table 6 in the 
Appendix). Exceptionally high values can be observed for 
the BC1-PFS, BC6-V, BC7-BC, and BC9-MP and BC14-M 
biochars. 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 cel-
lulose, which decomposes at 500 °C, resulting in a honey-
comb-like structure with large pores. The biochar product 
is suitable for improving the nutrient retention and WHC 
of coarse-textured soils [51].

In the case of the Total Organic Carbon (TOC) content 
(Fig. 2 (b)), only the grain husk and paper fiber sludge- 
(BC1-PFS, 63.2 %), woodscreenings- (BC5-W, 74.1) and 
miscanthus-based (BC14-M, 80 %) biochars have very 
high TOC content compared to the others, and their sim-
ilarity 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 con-
tent, respectively, probably due to their post-treatment, 
which reduced the amount of carbon per unit mass of bio-
char. Except for BC2 and BC6, the remaining biochars 
belong to the same group, as they are not different statis-
tically. 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 soil 
organic carbon content following incorporation of biochar 
pyrolyzed at 300 and 500 °C; others reported significant 
increases in soil labile organic carbon and humic fractions 
following biochar application [54]. These findings indi-
cate that biochar can largely contribute to enhancing the 
organic carbon stocks in soil and improving soil quality.

As shown in Fig. 2 (c), the majority of biochars have rel-
atively 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 pyrolysis operating conditions [15, 55]. 
For this reason, the total and available nutrient content of 

biochars varies largely. According to Chan and Xu's [56] 
review, the total N content of biochars ranges from 1.8 g/kg 
to 56.4 g/kg. For example, the total N content of bio-
chars from sewage sludge (64 g/kg) [57] and soybean cake 
(78.2 g/kg) [58] was much higher than that from green 
wastes (1.7 g/kg) [59].

On the other hand, despite the high total N content, the 
mineral N was < 2 mg/kg for the green waste and poul-
try manure char compared to the total N of 1.7 g/kg and 
20 g/kg, respectively [56]. 1 t/ha biochar may approxi-
mately supply 1–20 kg N to the soil [60]; however, this 
nitrogen will become available for plants only after 
mineralization [61].

The calculated C/N ratio of the biochars (Fig. 2 (d)) 
ranges between 15 (BC2-PFSA) and 297 (BC9-MP). 
The grain husk and paper fiber sludge-based biochar 
(BC1-BC) 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) of the meadow 
plants biochar (BC9-MP), the C/N ratios of the rest of the 
biochars range between 64 and 188. According to the liter-
ature, the C/N ratio of biochars is highly variable between 
7 and 400, with a mean of 64. The C/N of biochar influ-
ences various other processes and can be an indicator of the 
bioavailability of organic compounds [62]. Several authors 
stated that microbial consumption of volatile biochar com-
ponents with greater C:N ratios resulted in N immobili-
zation [63, 64]; therefore, the high C/N ratio is unfavor-
able in case of nutrient-depleted soils. According to Hamer 
et al. [65], 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. In a study 
conducted by Gao et al. [66], biochar C/N ratio and bio-
char feedstock strongly influenced the soil's P availability 
response to biochar, where inorganic N was mostly influ-
enced by the biochar C/N ratio and soil pH. Biochars 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.

Fig. 2 (e) shows that three biochars made from feed-
stocks of high lignin content have remarkably low ammo-
nium acetate-lactate soluble K2O content: BC7-BC (black 
cherry), BC9-MP (meadow plants), and BC11-WSD 
(wood sawdust) 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 (wheat straw) biochar has the highest K2O content, 
35570 mg/kg, while most biochars feature K2O contents 
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between 7500 mg/kg and 21000 mg/kg. According to 
Chan and Xu's [56] 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 [59, 61]. 
As reported previously [67] biochar at 10−25 t/ha rate may 
result in significant K content elevation in the soils.

There are large differences in the phosphorus content 
of the studied biochars (Fig. 2 (f)). The post-treated and 
N-enriched grain husk and paper fiber sludge biochar (BC2-
PFSA) provides the highest P2O5 content (16871 mg/kg). 
Besides this, all of the grain husk and paper fiber sludge-
based biochars (BC1, BC3, BC4) feature higher P2O5 con-
tent 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 than those from plants 
and significantly higher levels of available P were found in 
biochars produced from poultry litter than those from plant 
biomass [56]. The phosphorous content of biochar may 
range between 0.2–25 kg [60].

3.1.2 Evaluation of biochars in terms of environmental 
efficiency
Although the biochar application in various environmen-
tal technologies has numerous benefits, its use has some 
limitations. When using biochar as a soil amendment, the 
primary consideration is to avoid introducing into the soil 
the elements and compounds that are harmful to its condi-
tion, which can significantly contaminate the soil, or dete-
riorate the groundwater or surface water. For this reason, 
the biochar feedstocks have to be tested by biological and 
ecotoxicological methodology. From the environmental 
efficiency point of view, the toxic element content, the via-
bility index and the ecotoxicity to plant and animal test 
organisms were measured. 

Table 7 in the Appendix summarizes the results of the 
conducted tests, and the most important properties are 
shown in separate diagrams (Fig. 3). The concentrations of 
some potentially toxic elements (Co, Cr, Cu Ni, Zn) as one 
of the environmental efficiency factors were considered. 

Based on the XRF measurements performed on the bio-
char 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. Thus, we con-
sidered only these metals in our system, despite the over 
30 elements determined by the XRF method. The limit 
values set by the International Biochar Initiative recom-
mendation for the above metals were exceeded in the fol-
lowing biochars: Co in BC3-BCM, Cu, in BC13-CM, Ni in 
BC3-BCM, Zn in BC3-BCM, BC4-BCMO and BC13-CM. 
As opposed to these metals, the limit value for Cr was not 
exceeded in any of the studied biochars (Table 7).

The effect of biochar on soil microbial communities 
is diverse, depending on both the biochar and soil type. 
The viability index may be a good indicator and predic-
tor for biochar-microorganism interactions, for example, 
colonization.

Although the biochars mostly have low bacteria and 
fungi counts, in a few cases, very high viability indexes 
were calculated (Fig. 3 (a)). 

Fig. 3 (a) shows the calculated Viability Indexes. BC3-
BCM and BC4-BCMO grain husk and paper fiber sludge-
based biochars, both post-treated with digestate and miner-
als, had high cell counts (19 914 and 12 132 CFU/g biochar, 
respectively), probably due to the organic compound-rich 
digestate post-treatment. BC6-V (vine) and BC8-S (straw) 
biochars, statistically similar to each other, had the lowest 
viability indexes (< 10). Furthermore, the rest of biochars 
with low cell counts (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 (Fig. 3).

The natural biomass-based BC10-NB and the mis-
canthus BC14-M biochars inhibited the germination of 
the mustard seeds; therefore, the R/S ratios were not cal-
culated. A seedling is considered healthy if this ratio is 
around 1 (0.85–1.15); therefore, healthy mustard seed-
lings were developed on the following biochars: BC1-PFS, 
BC2-PFSA, BC9-MP, 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 sev-
eral 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 
behavior of the plant roots from the inappropriate envi-
ronment established by these biochars. Conversely, when 
the R/S ratio was < 1 (in case of BC4-BCMO and BC5-
W, 0.6, and 0.71 respectively) indicating that the seedling 
shoots were longer than the roots, the underdeveloped 
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roots could be the result of a toxic or inappropriate envi-
ronment as in the previous case.

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 com-
post post-treated grain husk and paper fiber sludge bio-
char provided an excellent habitat to the Folsomia can-
dida animals, resulting 0 % lethality in the mortality test 
(Fig. 3 (c)). However, the majority of the biochars induced 
various degrees of lethality. Among them, BC1-PFS (grain 
husk and paper fiber sludge), BC7-BC (black cherry), and 
BC13-CM (cow manure) 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 the spelts and paper mix (BC12-SP) biochar.

3.2 Description of the biochar scoring-ranking system
Studies applying a scoring procedure supported by a guid-
ance 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), as a 
first step, we developed a classification system in the −5 
points to +5 points interval. 

Table 2 and Table 3 summarize the characterization 
criteria for technological and environmental efficiency 
(respectively) and show the parameter ranges and the cor-
responding scoring. From the technological efficiency 
point of view – as 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 bio-
chars 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. "0" score 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.

Fig. 3 Evolution of the environmental efficiency parameters: (a) Viability index, (b) Sinapis alba root/shoot ratio, and (c) Folsomia candida mortality rate. 
Data represent averages of three replicates and error bars are standard deviation. Letters on the columns indicate significant differences (p < 0.05)
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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 attri-
bute, 0 score was assigned to the biochar with WHC rang-
ing 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 favored, 
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 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 parameter's weight. 0 was 
assigned to 0.30–0.99 % N content, and all the biochars 
having higher than 1 % total N content received 1 point.

Lehmann et al. [68] reported that the biochars' C/N ratio 
varies between 7 and 400, with a mean of 64; therefore, 
0 score was given for the 50–100 C/N interval. However, the 
scale was 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. 
Similar intervals were applied in the case of AL-P and 
AL-K favoring 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 favoring the 
high ash content. In neutral soils, there is no need to raise 
the soil pH; moreover, the presence of higher ash is disad-
vantageous. For this reason, the biochars with higher ash 
content received a negative score. 

Since pore volume of biochars has a huge role 
in improving the hydraulic properties of soils, an arbitrary 

Table 2 Intervals of the created scoring system to determine scores for the technological efficiency parameters

Characteristics of biochars Technological efficiency

Score pH1 pH2
Ash 

content1 

[%]

Ash 
content2 

[%]

WHC 
[%]

BET3 
[m2/g]

Sum pore 
volume
[cm3/g]

TOC 
[%]

Sum N 
[%]

C/N 
ratio

AL-P 
[mg/kg]

AL-K 
[mg/kg]

5 8 < – – – 200 < 150 < 0.16 < 85 < – – 15000 < 15000 <

3 7.1–8 – 35< – 101–200 101–150 0.13–0.16 71–85 – 10–30 7501–15000 10001–15000

1 – 25.1–35 5–15 71–100 81–100 0.10–0.13 61–70 >1 31–49 1501–7500 5001–10000

0 6.1–7 6.1–8 15.1–25 15.1–25 51–70 51–80 0.07–0.10 51–60 0.3–0.99 50−100 1001–1500 3001–5000

−1 – 5–15 25< 31–50 31–50 0.04–0.07 31–50 0–0.29 101−199 501–1000 1000–3000

−3 5– 6 8.1–9 <5 – <30 11–30 0.01–0.04 11–30 – > 200 < 500 < 1000

−5 < 5 9 < – – – < 10 – < 10 % – – – –
1 aiming acidic soil improvement,
2 aiming neutral soil improvement,
3 based on the EBC Guideline

Table 3 Intervals of the created scoring system to determine scores for the environmental efficiency parameters

Characteristics of biochars Environmental efficiency

Score
Toxic element concentration1

Co, Cr, Cu Ni, Zn 
[mg/kg]

Viability index 
[CFU 10−3 / g]

Plant growth inhibition2 
[%]

F. candida lethality2 
[%]

5 No limit value exceeded 2000 < < 0 (stimulation) < 10

3 Max. 1.2 times limit value exceeded 1600–2000 0–20 10–20

1 Max. 1.4 times limit value exceeded 1201–1600 21–30

0 Max. 1.6 times limit value exceeded 801–1200 31–40 21–30

−1 Max. 1.8 times limit value exceeded 401–800 41–50 31–50

−3 Max. 2 times limit value exceeded 0–400 51–80 51–80

−5 More than 2 times limit value exceeded – 80 < 80 <
1 based on IBI Recommendations
2 Inhibition percentage
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scale based on experience and available data has been set 
favoring large pore volumes and assigning 0 point for the 
0.07–0.10 pore volume range. 

The scoring scale of the BET parameter was prepared 
according to the EBC guideline [18], stating that biochars 
should ideally have a surface area of over 150 m2/g, there-
fore, the biochars, which reached this value, were given 
a score of 5. The 51–80 m2/g value range was assigned 
0 score, and below this, negative scores were assigned. 

The concentrations of Co, Cr, Cu Ni, Zn were deter-
mined as one of the environmental efficiency factors. 
When the toxic element content did not exceed the lower 
limit value of the interval set by the International Biochar 
Initiative [20], the highest score (5) was assigned to the 
certain biochar product. The following limit values were 
considered: Co: 34 mg/kg, Cu: 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, neg-
ative scores were assigned. The viability index showing the 
sum of the number (in Colony Forming Unit – CFU/g bio-
char) of cultivated bacteria and fungi represents a combina-
tion of many different factors (nutrient supply, porosity, toxic 
element content, etc.). The viability index scale assigned 
"0" score for the 801–1200 range, representing the high 
amount of microorganisms settled on the biochar surface.

Most of the biochars tested inhibited plant growth, so 
the scale's highest value (5 scores) was assigned for stim-
ulation. 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; there-
fore, 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. We assigned positive scores 
for > 40 % inhibition in the plant test and > 30 % lethality 
in the animal test because we assumed that both effects 
would be mitigated when mixing biochar into the soil. 

Based on the results, scores were assigned to the cor-
responding biochars according to the Multi-Criteria 
Decision Support System (MCDSS) (Table 2 and Table 3) 
shown in Table 4. Table 5 shows the total scores (and rank-
ing) calculated from two different aspects:

1. aiming acidic soil improvement
2. aiming neutral soil improvement, respectively.

BC1-PFS biochar, produced from grain husks and paper 
fiber sludge, was ranked on the first place with the high-
est summarised score as suitable for acidic soil, followed 
by its nitrogen-enriched and stone powder and compost 
post-treated version (BC2-PFSA; 48 scores). The ranking 
order of these two biochars was reversed when scoring for 
neutral soil improvement.

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.

The reliability and applicability of the scoring system were 
verified through the results and outcomes of the subsequent 
research phases based on a tiered approach. The best-per-
forming biochars from this screening phase were then tested 
in microcosm experiments of different duration to compare 
their performance in different doses and soil types.

Based on the results of the screening and microcosm 
experiments, the biochar from grain husks and paper fiber 
sludge was efficiently applied in long-term field experi-
ments at two sites to improve the properties of an acidic 
sandy and a calcareous sandy soil; the field studies demon-
strated that the applied biochar had positive direct and 
indirect influences on the acidic sandy soil [5, 69, 70]. 

Finally, the parameters introduced in the developed 
system were able to characterize both soil quality and 
environmental health; however not all potential param-
eters were considered. This work established the basis 
for decision support systems aiming at biochar screening 
and selection for soil improvement. As a future perspec-
tive, the scope of the investigations may be extended to the 
relation between the pyrolysis conditions, feedstock type 
and biological and ecotoxicological properties of biochars 
while testing a higher number of biochar products.

4 Conclusions
A Multi-Criteria Decision Support System (MCDSS) was 
developed for the characterization, ranking and selec-
tion of biochar products aiming their efficient and risk-
based application for soil improvement. In the framework 
of the MCDSS development a classification system was 
created 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. 
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The benefits in the acidic sandy soil of the grain husk and 
paper fiber sludge biochar ranked first were confirmed 
both in laboratory microcosm and field studies of the sub-
sequent research phases.

This system is unique in the literature especially because 
it could be flexibly adapted for the selection of biochars to 
different soil problems and it takes into account environ-
mental aspects in addition to technology efficiency.
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Table 5 Summary of the assigned scores for the technological and 
environmental efficiency parameters. (Ranking is given in brackets.)

 

SUM scores (and 
ranking) – acidic soil

SUM scores (and 
ranking) – calcareous soil

BC1-PFS 55 (1) 43 (1)

BC2-PFSA 44 (2) 40 (2)

BC3-BCM 11 (12) −1 (12)

BC4-BCMO 16 (10) 7 (10)

BC5-W 36 (3) 26 (4)

BC6-V 27 (7) 17 (8)

BC7-BC 33 (4) 29 (3)

BC8-S 8 (13) −2 (13)

BC9-MP 26 (8) 20 (6)

BC10-NB 14 (11) 5 (11)

BC11-WSD 24 (9) 16 (9)

BC12-SP 29 (6) 19 (7)

BC13-CM 4 (14) −6 (14)

BC14-M 31 (5) 22 (5)

Table 4 Assigned scores for the technological and environmental efficiency parameters.
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BC1-PFS 5 −3 3 −1 3 5 3 1 1 1 1 1 5 5 5 5 5 1 0 5 −3 3

BC2-PFSA 0 0 3 −1 3 −5 −3 −3 1 3 1 5 5 5 5 5 5 5 0 5 −1 5

BC3-BCM 5 −3 3 −1 3 0 −1 −3 0 1 1 1 −5 3 5 −1 −5 5 3 1 −5 0

BC4-BCMO 5 0 3 −1 3 −3 −3 −3 0 3 3 1 5 5 5 5 −5 5 −5 −3 −5 0

BC5-W 5 −5 0 0 3 5 −1 3 1 0 1 5 5 5 5 5 5 0 −5 −3 −3 0

BC6-V 5 −5 0 0 3 5 3 0 0 −1 1 5 5 5 5 5 5 −3 −5 −5 −5 −1

BC7-BC 5 −3 −3 1 3 5 0 −1 −1 −1 −3 −1 5 5 5 5 5 5 1 −1 −3 3

BC8-S 5 −5 0 0 5 −5 −3 −3 0 −1 1 5 5 5 5 5 5 −3 −5 −5 −5 −3

BC9-MP 5 −3 −1 1 3 5 3 −1 −1 −3 −1 −1 5 5 3 5 5 −1 −3 3 −3 −1

BC10-NB 5 −5 −1 0 3 −1 −3 −3 −1 −1 1 3 5 5 5 5 5 1 −5 −5 −3 −1

BC11-WSD 5 −3 0 0 3 5 0 −1 0 0 −3 0 5 5 5 5 5 −1 0 −3 −3 −3

BC12-SP 5 −3 1 −1 3 −3 −3 −1 0 1 1 3 5 5 5 5 5 5 −3 1 −3 −3

BC13-CM 5 −3 1 −1 5 −5 −3 −3 −1 −1 1 5 5 −1 5 5 −5 1 −5 −5 −3 3

BC14-M 5 −5 −1 0 5 5 5 3 0 −1 0 1 5 5 5 5 5 0 −5 −5 −5 −1
1 aiming acidic soil improvement,
2 aiming neutral soil improvement,



Farkas et al.
Period. Polytech. Chem. Eng., 65(3), pp. 361–377, 2021 |373

References
[1] Libra, J. A., Ro, K. S., Kammann, C., Funke, A., Berge, N. D., 

Neubauer, Y., Titirici, M. M., Fühner, C., Bens, O., Kern, J., 
Emmerich, K. H. "Hydrothermal carbonization of biomass residu-
als: a comparative review of the chemistry, processes and applica-
tions of wet and dry pyrolysis", Biofuels, 2(1), pp. 71–106, 2011.

 https://doi.org/10.4155/bfs.10.81
[2] Enders, A., Hanley, K., Whitman, T., Joseph, S., Lehmann, J. 

"Characterization of biochars to evaluate recalcitrance and agro-
nomic performance", Bioresource Technology, 114, pp. 644–653, 
2012.

 https://doi.org/10.1016/j.biortech.2012.03.022
[3] Ajayi, A. E., Horn, R. "Modification of chemical and hydrophys-

ical properties of two texturally differentiated soils due to vary-
ing magnitudes of added biochar", Soil and Tillage Research, 164, 
pp. 34–44, 2016.

 https://doi.org/10.1016/J.STILL.2016.01.011
[4] Haider, G., Steffens, D., Müller, C., Kammann, C. I. "Standard 

Extraction Methods May Underestimate Nitrate Stocks Captured 
by Field-Aged Biochar", Journal of Environmental Quality, 45(4), 
pp. 1196–1204, 2016.

 https://doi.org/10.2134/jeq2015.10.0529
[5] Molnár, M., Vaszita, E., Farkas, É., Ujaczki, É., Fekete-Kertész, I., 

Tolner, M., Klebercz, O., Kirchkeszner, C., Gruiz, K., Uzinger, N., 
Feigl, V. "Acidic sandy soil improvement with biochar — A micro-
cosm study", Science of The Total Environment, 563–564, 
pp. 855–865, 2016.

 https://doi.org/10.1016/j.scitotenv.2016.01.091
[6] Shomana, T., Botha, D. E., Agachi, P. S. "The water retention prop-

erties of biochar derived from broiler poultry litter as applied to the 
Botswana soil", DRC Sustainable Future, 1(1), pp. 67–72, 2020.

 https://doi.org/10.37281/DRCSF/1.1.9
[7] Kocsis, T., Biró, B., Ulmer, Á., Szántó, M., Kotroczó, Z. "Time-

lapse effect of ancient plant coal biochar on some soil agrochem-
ical parameters and soil characteristics", Environmental Science 
and Pollution Research, 25(2), pp. 990–999, 2018.

 https://doi.org/10.1007/s11356-017-8707-0
[8] Kammann, C. I., Schmidt, H. P., Messerschmidt, N., Linsel, S., 

Steffens, D., Müller, C., Koyro, H. W., Conte, P., Joseph, S. "Plant 
growth improvement mediated by nitrate capture in co-composted 
biochar", Scientific Reports, 5(1), Article number: 11080, 2015.

 https://doi.org/10.1038/srep11080
[9] Schulz, H., Dunst, G., Glaser, B. "No Effect Level of Co-Composted 

Biochar on Plant Growth and Soil Properties in a Greenhouse 
Experiment", Agronomy, 4(1), pp. 34–51, 2014.

 https://doi.org/10.3390/agronomy4010034
[10] Prost, K., Borchard, N., Siemens, J., Kautz, T., Séquaris, J. M., 

Möller, A., Amelung, W. "Biochar Affected by Composting 
with Farmyard Manure", Journal of Environment Quality, 42(1), 
pp. 164–172, 2013.

 https://doi.org/10.2134/jeq2012.0064
[11] Domene, X., Enders, A., Hanley, K., Lehmann, J. "Ecotoxicological 

characterization of biochars: Role of feedstock and pyroly-
sis temperature", Science of The Total Environment, 512–513, 
pp. 552–561, 2015.

 https://doi.org/10.1016/j.scitotenv.2014.12.035

[12] Jeffery, S., Verheijen, F. G. A., van der Velde, M., Bastos, A. C. 
"A quantitative review of the effects of biochar application to 
soils on crop productivity using meta-analysis", Agriculture, 
Ecosystems & Environment, 144(1), pp. 175–187, 2011.

 https://doi.org/10.1016/j.agee.2011.08.015
[13] Archontoulis, S. V., Huber, I., Miguez, F. E., Thorburn, P. J., 

Rogovska, N., Laird, D. A. "A model for mechanistic and system 
assessments of biochar effects on soils and crops and trade-offs", 
GCB Bioenergy, 8(6), pp. 1028–1045, 2016.

 https://doi.org/10.1111/gcbb.12314
[14] Tammeorg, P., Bastos, A. C., Jeffery, S., Rees, F., Kern, J., 

Graber, E. R., Ventura, M., Kibblewhite, M., Amaro, A., 
Budai, A., Cordovil, C. M. d. S., Domene, X., Gardi, C., Gascó, G., 
Horák, J., Kammann, C., Kondrlova, E., Laird, D., Loureiro, S., 
Martins, M. A. S., Panzacchi, P., Prasad, M., Prodana, M., 
Puga, A. P., Ruysschaert, G., Sas-Paszt, L., Silva, F. C., 
Teixeira, W. G., Tonon, G., Vedove, G. D., Zavalloni, C., Glaser, B., 
Verheijen, F. G. A. "Biochars in Soils: Towards the Required 
Level of Scientific Understanding", Journal of Environmental 
Engineering & Landscape Management, 25(2), pp. 192–207, 2017.

 https://doi.org/10.3846/16486897.2016.1239582
[15] Jeffery, S., Meinders, M. B. J., Stoof, C. R., Bezemer, T. M., 

van de Voorde, T. F. J., Mommer, L., van Groenigen, J. W. "Biochar 
application does not improve the soil hydrological function of a 
sandy soil", Geoderma, 251–252, pp. 47–54, 2015.

 https://doi.org/10.1016/j.geoderma.2015.03.022
[16] Meyer, S., Genesio, L., Vogel, I., Schmidt, H. P., Soja, G., 

Someus, E., Shackley, S., Verheijen, F. G. A., Glaser, B. "Biochar 
Standardization and Legislation Harmonization", Journal of 
Environmental Engineering and Landscape Management, 25(2), 
pp. 175–191, 2017.

 https://doi.org/10.3846/16486897.2016.1254640
[17] Glaser, B., Baltrénas, P., Kamman, C., Kern, J., Baltrénaité, E. 

"Editorial: Special Issue on Biochar as an Option for Sustainable 
Resource Management (EU Cost Action TD1107 Final 
Publication)", Journal of Environmental Engineering & Landscape 
Management, 25(2), pp. 83–85, 2017.

 https://doi.org/10.3846/16486897.2017.1319376
[18] EBC "European Biochar Certificate - Guidelines for a Sustainable 

Production of Biochar", European Biochar Foundation (EBC), 
Arbaz, Switzerland, 2012.

 https://doi.org/10.13140/RG.2.1.4658.7043
[19] Shackley, S., Esteinou, R. I., Hopkins, D., Hammond, J. 

"Biochar Quality Mandate (BQM) version 1.0", British Biochar 
Foundation, Edinburgh, UK, 2014.

[20] International Biochar Initiative "IBI-STD-2.1 Standardized 
Product Definition and Product Testing Guidelines for Biochar 
That Is Used in Soil", International Biochar Initiative (IBI), 
Washington, DC, USA, 2014.

[21] Feigl, V., Molnár, M., Ujaczki, É., Klebercz, O., Tolner, M., 
Vaszita, E., Gruiz, K. "Ecotoxicity of biochars from organic wastes 
focusing on their use as soil ameliorant", In: 13th International 
UFZ-Deltares Conference on Sustainable Use and Management 
of Soil, Sediment and Water Resources, Copenhagen, Denmark, 
Article number: 6, 2015.

https://doi.org/10.4155/bfs.10.81
https://doi.org/10.1016/j.biortech.2012.03.022
https://doi.org/10.1016/J.STILL.2016.01.011
https://doi.org/10.2134/jeq2015.10.0529
https://doi.org/10.1016/j.scitotenv.2016.01.091
https://doi.org/10.37281/DRCSF/1.1.9
https://doi.org/10.1007/s11356-017-8707-0
https://doi.org/10.1038/srep11080
https://doi.org/10.3390/agronomy4010034
https://doi.org/10.2134/jeq2012.0064
https://doi.org/10.1016/j.scitotenv.2014.12.035
https://doi.org/10.1016/j.agee.2011.08.015
https://doi.org/10.1111/gcbb.12314
https://doi.org/10.3846/16486897.2016.1239582
https://doi.org/10.1016/j.geoderma.2015.03.022
https://doi.org/10.3846/16486897.2016.1254640
https://doi.org/10.3846/16486897.2017.1319376
https://doi.org/10.13140/RG.2.1.4658.7043


374|Farkas et al.
Period. Polytech. Chem. Eng., 65(3), pp. 361–377, 2021

[22] Rosén, L., Back, P. E., Söderqvist, T., Norrman, J., Brinkhoff, P., 
Norberg, T., Volchko, Y., Norin, M., Bergknut, M., Döberl, G. 
"SCORE: A novel multi-criteria decision analysis approach to 
assessing the sustainability of contaminated land remediation", 
Science of The Total Environment, 511, pp. 621–638, 2015.

 https://doi.org/10.1016/j.scitotenv.2014.12.058
[23] Harvey, O. R., Kuo, L. J., Zimmerman, A. R., Louchouarn, P., 

Amonette, J. E., Herbert, B. E. "An Index-Based Approach to 
Assessing Recalcitrance and Soil Carbon Sequestration Potential 
of Engineered Black Carbons (Biochars)", Environmental Science 
& Technology, 46(3), pp. 1415–1421, 2012.

 https://doi.org/10.1021/es2040398
[24] Githinji, L. "Effect of biochar application rate on soil physical and 

hydraulic properties of a sandy loam", Archives of Agronomy and 
Soil Science, 60(4), pp. 457–470, 2014.

 https://doi.org/10.1080/03650340.2013.821698
[25] Uzoma, K. C., Inoue, M., Andry, H., Zahoor, A., Nishihara, E. 

"Influence of biochar application on sandy soil hydraulic prop-
erties and nutrient retention", Journal of Food, Agriculture and 
Environment, 9(3–4), pp. 1137–1143, 2011.

[26] Delgado, A., Gómez, J. A. "The Soil. Physical, Chemical and 
Biological Properties", In: Villalobos, F., Fereres, E. (eds.) 
Principles of Agronomy for Sustainable Agriculture, Springer, 
Cham, Switzerland, 2016, pp. 15–26.

 https://doi.org/10.1007/978-3-319-46116-8_2
[27] Ujaczki, É., Feigl, V., Molnár, M., Vaszita, E., Uzinger, N., 

Erdélyi, A., Gruiz, K. "The potential application of red mud and 
soil mixture as additive to the surface layer of a landfill cover sys-
tem", Journal of Environmental Sciences, 44, pp. 189–196, 2016.

 https://doi.org/10.1016/j.jes.2015.12.014
[28] Xu, G., Wei, L. L., Sun, J. N., Shao, H. B., Chang, S. X. "What is 

more important for enhancing nutrient bioavailability with bio-
char application into a sandy soil: Direct or indirect mechanism?", 
Ecological Engineering, 52, pp. 119–124, 2013.

 https://doi.org/10.1016/j.ecoleng.2012.12.091
[29] Zhao, R., Coles, N., Kong, Z., Wu, J. "Effects of aged and fresh 

biochars on soil acidity under different incubation conditions", 
Soil and Tillage Research, 146, pp. 133–138, 2015.

 https://doi.org/10.1016/J.STILL.2014.10.014
[30] Ozores-Hampton, M., Stansly, P. A., Salame, T. P. "Soil chemical, 

physical, and biological properties of a sandy soil subjected to long-
term organic amendments", Journal of Sustainable Agriculture, 
35(3), pp. 243–259, 2011.

 https://doi.org/10.1080/10440046.2011.554289
[31] Basso, A. S., Miguez, F. E., Laird, D. A., Horton, R., Westgate, M. 

"Assessing potential of biochar for increasing water-holding 
capacity of sandy soils", GCB Bioenergy, 5(2), pp. 132–143, 2013.

 https://doi.org/10.1111/gcbb.12026
[32] Steiner, C., Glaser, B., Geraldes Teixeira, W., Lehmann, J., 

Blum, W. E. H., Zech, W. "Nitrogen retention and plant uptake 
on a highly weathered central Amazonian Ferralsol amended 
with compost and charcoal", Journal of Plant Nutrition and Soil 
Science, 171(6), pp. 893–899, 2008.

 https://doi.org/10.1002/jpln.200625199

[33] Ameloot, N., Graber, E. R., Verheijen, F. G. A., De Neve, S. 
"Interactions between biochar stability and soil organisms: review 
and research needs", European Journal of Soil Science, 64(4), 
pp. 379–390, 2013.

 https://doi.org/10.1111/ejss.12064
[34] Gul, S., Whalen, J. K., Thomas, B. W., Sachdeva, V., Deng, H. 

"Physico-chemical properties and microbial responses in bio-
char-amended soils: Mechanisms and future directions", 
Agriculture, Ecosystems & Environment, 206, pp. 46–59, 2015.

 https://doi.org/10.1016/j.agee.2015.03.015
[35] Hungarian Standards Institution "MSZ 21470-2:1981 

Környezetvédelmi talajvizsgálatok. Talajminta előkészítése, 
nedvességtartalom, elektromos vezetés és pH meghatározása" 
(Environmental protection. Preparation of soil sample. 
Determination of electrical conduction, humidity and pH), 
Hungarian Standards Institution, Budapest, Hungary, 1981. 
(in Hungarian)

[36] Öhlinger, H. "Methods in soil physics: maximum water hold-
ing capacity", In: Öhlinger, R., Kandeler, E., Margesin, R. (eds.) 
Methods in Soil Biology, Springer-Verlag, Berlin, Heidelberg, 
Germany, 1995, pp. 385–386.

[37] Sluiter, A., Hames, B., Ruiz, R., Scarlata, C., Sluiter, J., 
Templeton, D. "Determination of Ash in Biomass: Laboratory 
Analytical Procedure (LAP)", National Renewable Energy 
Laboratory, Golden, CO, USA, Rep. NREL/TP-510-42622, 2008.

[38] Brunauer, S., Emmett, P. H., Teller, E. "Adsorption of Gases in 
Multi Molecular Layers", Journal of the American Chemical 
Society, 60(2), pp. 309–319, 1938.

 https://doi.org/10.1021/ja01269a023
[39] Hungarian Standards Institution "MSZ 08-0452:1980 

Nagyteljesítményű műszersorok alkalmazása talajvizsgálatok-
ban. A talaj szerves széntartalmának mennyiségi meghatározása 
Contiflo műszersoron" (Use of high-capacity analyzer systems 
for soils analyses. Quantitative determination of the organic car-
bon content of the soil on Contiflo analyzer system), Hungarian 
Standards Institution, Budapest, Hungary, 1980. (in Hungarian)

[40] International Organization for Standardization "ISO 11261:1995 
Soil quality - Determination of total nitrogen - Modified Kjeldahl 
method", International Organization for Standardization, Geneva, 
Switzerland, 1995.

[41] Egnér, H., Riehm, H., Domingo, W. R. "Untersuchungen 
über die chemische Bodenanalyse als Grundlage für die 
Beurteilung des Nährstoffzustandes der Böden. II. Chemische 
Extraktionsmethoden zur Phosphor- und Kaliunibestimmung" 
(Investigations on chemical soil analysis as a basis for assessing 
the nutrient status of the soil. II. Chemical extraction methods for 
determining phosphorus and potassium determination), Kungliga 
Lantbrukshögskolans Annaler, 26, pp. 199–215, 1960. (in German)

[42] Benedetti, A. Dilly, O. "Introduction", In: Bloem, J., Hopkins, D. W., 
Benedetti, A. (eds.) Microbial methods for assessing soil quality, 
CABI Publishing, Wallingford, UK, 2006.

[43] Hungarian Standards Institution "MSZ 21976-17:1993 Települési 
szilárd hulladékok vizsgálata. Csíranövényteszt" (Investigation 
of hard waste of settlements. Seedling plant test), Hungarian 
Standards Institution, Budapest, Hungary, 1993. (in Hungarian)

https://doi.org/10.1016/j.scitotenv.2014.12.058
https://doi.org/10.1021/es2040398
https://doi.org/10.1080/03650340.2013.821698
https://doi.org/10.1007/978-3-319-46116-8_2
https://doi.org/10.1016/j.jes.2015.12.014
https://doi.org/10.1016/j.ecoleng.2012.12.091
https://doi.org/10.1016/J.STILL.2014.10.014
https://doi.org/10.1080/10440046.2011.554289
https://doi.org/10.1111/gcbb.12026
https://doi.org/10.1002/jpln.200625199
https://doi.org/10.1111/ejss.12064
https://doi.org/10.1016/j.agee.2015.03.015
https://doi.org/10.1021/ja01269a023


Farkas et al.
Period. Polytech. Chem. Eng., 65(3), pp. 361–377, 2021 |375

[44] Leitgib, L., Kálmán, J., Gruiz, K. "Comparison of bioassays 
by testing whole soil and their water extract from contaminated 
sites", Chemosphere, 66(3), pp. 428–434, 2007.

 https://doi.org/10.1016/j.chemosphere.2006.06.024
[45] International Organization for Standardization "ISO 11267:2014 

Soil Quality — Inhibition of reproduction of Collembola (Folsomia 
candida) by soil contaminants", International Organization for 
Standardization, Geneva, Switzerland, 2014.

[46] OECD "Test No. 232: Collembolan Reproduction Test in Soil", 
In: OECD Guidelines for the Testing of Chemicals, Section 2, 
OECD Publishing, Paris, France, 2016.

 https://doi.org/10.1787/9789264264601-en
[47] Laghari, M., Mirjat, M. S., Hu, Z., Fazal, S., Xiao, B., Hu, M., 

Chen, Z., Guo, D. "Effects of biochar application rate on sandy 
desert soil properties and sorghum growth", CATENA, 135, 
pp. 313–320, 2015.

 https://doi.org/10.1016/j.catena.2015.08.013
[48] El-Naggar, A., Lee, S. S., Rinklebe, J., Farooq, M., Song, H., 

Sarmah, A. K., Zimmerman, A. R., Ahmad, M., Shaheen, S. M., 
Ok, Y. S. "Biochar application to low fertility soils: A review 
of current status, and future prospects", Geoderma, 337, 
pp. 536–554, 2019.

 https://doi.org/10.1016/J.GEODERMA.2018.09.034
[49] Al-Wabel, M. I., Hussain, Q., Usman, A. R. A., Ahmad, M., 

Abduljabbar, A., Sallam, A. S., Ok, Y. S. "Impact of biochar prop-
erties on soil conditions and agricultural sustainability: A review", 
Land Degradation & Development, 29(7), pp. 2124–2161, 2018.

 https://doi.org/10.1002/ldr.2829
[50] Mclauglin, H. "Characterizing biochars: Attributes, indicators, 

and at-home tests", In: Taylor, P., Mclauglin, H. (eds.) The Biochar 
Revolution: Transforming Agriculture and Environment, Global 
Publishing Group, Lilydale, Australia, 2010, pp. 90–111.

[51] Laghari, M., Naidu, R., Xiao, B., Hu, Z., Mirjat, M. S., Hu, M., 
Kandhro, M. N., Chen, Z., Guo, D., Jogi, Q., Abudi, Z. N., Fazal, S. 
"Recent developments in biochar as an effective tool for agricul-
tural soil management: a review", Journal of the Science of Food 
and Agriculture, 96(15), pp. 4840–4849, 2016.

 https://doi.org/10.1002/jsfa.7753
[52] Tomczyk, A., Sokołowska, Z., Boguta, P. "Biochar physicochem-

ical properties: pyrolysis temperature and feedstock kind effects", 
Reviews in Environmental Science and Bio/Technology, 19(1), 
pp. 191–215, 2020.

 https://doi.org/10.1007/s11157-020-09523-3
[53] Chen, W., Meng, J., Han, X., Lan, Y., Zhang, W. "Past, present, and 

future of biochar", Biochar, 1(1), pp. 75–87, 2019.
 https://doi.org/10.1007/s42773-019-00008-3
[54] Dong, X., Singh, B. P., Li, G., Lin, Q., Zhao, X. "Biochar increased 

field soil inorganic carbon content five years after application", 
Soil and Tillage Research, 186, pp. 36–41, 2019.

 https://doi.org/10.1016/J.STILL.2018.09.013
[55] DeLuca, T. H., MacKenzie, M. D., Gundale, M. J. "Biochar effects 

on soil nutrient transformations", In: Lehmann, J., Joseph, S. (eds.) 
Biochar for Environmental Management: Science and Technology, 
Routledge, London, UK, 2012, pp. 421–454.

[56] Chan, K. Y. Xu, Z. "Biochar: Nutrient Properties and Their 
Enrichment", In: Lehmann, J., Joseph, S. (eds.) Biochar for 
Environmental Management: Science and Technology, Earthscan 
from Routledge, New York, NY, USA, 2009, pp. 67–84.

 https://doi.org/10.4324/9781849770552-12
[57] Bridle, T. R., Pritchard, D. "Energy and nutrient recovery from 

sewage sludge via pyrolysis", Water Science & Technology, 50(9), 
pp. 169–175, 2004.

 https://doi.org/10.2166/wst.2004.0562
[58] Uzun, B. B., Pütün, A. E., Pütün, E. "Fast pyrolysis of soybean 

cake: Product yields and compositions", Bioresource Technology, 
97(4), pp. 569–576, 2006.

 https://doi.org/10.1016/j.biortech.2005.03.026
[59] Chan, K. Y., Van Zwieten, L., Meszaros, I., Downie, A., Joseph, S. 

"Agronomic values of greenwaste biochar as a soil amendment", 
Soil Research, 45(8), pp. 629–634, 2007.

 https://doi.org/10.1071/SR07109
[60] Atkinson, C. J., Fitzgerald, J. D., Hipps, N. A. "Potential mecha-

nisms for achieving agricultural benefits from biochar application 
to temperate soils: a review", Plant and Soil, 337(1), pp. 1–18, 2010.

 https://doi.org/10.1007/s11104-010-0464-5
[61] Lehmann, J., da Silva, J. P., Steiner, C., Nehls, T., Zech, W., 

Glaser, B. "Nutrient availability and leaching in an archaeologi-
cal Anthrosol and a Ferralsol of the Central Amazon basin: fer-
tilizer, manure and charcoal amendments", Plant and Soil, 249(2), 
pp. 343–357, 2003.

 https://doi.org/10.1023/A:1022833116184
[62] Lehmann, J. "Terra Preta Nova – Where to from Here?", 

In: Woods, W. I., Teixeira, W. G., Lehmann, J., Steiner, C., 
WinklerPrins, A., Rebellato, L. (eds.) Amazonian Dark Earths: 
Wim Sombroek's Vision, Springer, Dordrecht, The Netherlands,  
2009, pp. 473–486.

 https://doi.org/10.1007/978-1-4020-9031-8_28
[63] Clough, T. J., Condron, L. M., Kammann, C., Müller, C. 

"A Review of Biochar and Soil Nitrogen Dynamics", Agronomy, 
3(2), pp. 275–293, 2013.

 https://doi.org/10.3390/agronomy3020275
[64] Ippolito, J. A., Novak, J. M., Busscher, W. J., Ahmedna, M., 

Rehrah, D., Watts, D. W. "Switchgrass Biochar Affects 
Two Aridisols", Journal of Environmental Quality, 41(4), 
pp. 1123–1130, 2012.

 https://doi.org/10.2134/jeq2011.0100
[65] Hamer, U., Marschner, B., Brodowski, S., Amelung, W. 

"Interactive priming of black carbon and glucose mineralisation", 
Organic Geochemistry, 35(7), pp. 823–830, 2004.

 https://doi.org/10.1016/j.orggeochem.2004.03.003
[66] Gao, S., DeLuca, T. H., Cleveland, C. C. "Biochar additions alter 

phosphorus and nitrogen availability in agricultural ecosys-
tems: A meta-analysis", Science of The Total Environment, 654, 
pp. 463–472, 2019.

 https://doi.org/10.1016/j.scitotenv.2018.11.124
[67] Jones, D. L., Rousk, J., Edwards-Jones, G., DeLuca, T. H., 

Murphy, D. V. "Biochar-mediated changes in soil quality and plant 
growth in a three year field trial", Soil Biology and Biochemistry, 
45, pp. 113–124, 2012.

 https://doi.org/10.1016/j.soilbio.2011.10.012

https://doi.org/10.1016/j.chemosphere.2006.06.024
https://doi.org/10.1787/9789264264601-en
https://doi.org/10.1016/j.catena.2015.08.013
https://doi.org/10.1016/J.GEODERMA.2018.09.034
https://doi.org/10.1002/ldr.2829
https://doi.org/10.1002/jsfa.7753
https://doi.org/10.1007/s11157-020-09523-3
https://doi.org/10.1007/s42773-019-00008-3
https://doi.org/10.1016/J.STILL.2018.09.013
https://doi.org/10.4324/9781849770552-12
https://doi.org/10.2166/wst.2004.0562
https://doi.org/10.1016/j.biortech.2005.03.026
https://doi.org/10.1071/SR07109
https://doi.org/10.1007/s11104-010-0464-5
https://doi.org/10.1023/A:1022833116184
https://doi.org/10.1007/978-1-4020-9031-8_28
https://doi.org/10.3390/agronomy3020275
https://doi.org/10.2134/jeq2011.0100
https://doi.org/10.1016/j.orggeochem.2004.03.003
https://doi.org/10.1016/j.scitotenv.2018.11.124
https://doi.org/10.1016/j.soilbio.2011.10.012


376|Farkas et al.
Period. Polytech. Chem. Eng., 65(3), pp. 361–377, 2021

Appendix
Table 6 Results of the biochar screening – evolution of 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 40.2±3.1 169.1±6.1 175.0±26.3 0.145±0.022 63.2±9.5 1.49±0.22 42.5±6.4 5713±857 8889±1333

BC2-PFSA 6.8±0.0 68.5±1.6 105.3±0.7 4.6±0.7 0.021±0.003 20.9±3.1 1.37±0.206 15.2±2.3 5010±752 20894±3134

BC3-BCM 8.3±0.0 63.3±1.0 115.8±0.8 57.0±8.6 0.044±0.007 21.4±3.2 0.69±0.10 31.0±4.7 5913±887 9260±1389

BC4-BCMO 8.0±0.0 60.1±3.2 113.7±0.5 19.0±2.9 0.029±0.004 22.6±3.4 0.83±0.12 27.2±4.1 9343±1401 9768±1465

BC5-W 9.3±0.0 19.6±1.4 150.9±2.2 284.0±42.6 0.053±0.008 74.1±11.1 1.15±0.17 64.4±9.7 1610±242 16871±2531

BC6-V 9.8±0.1 16.0±11.7 178.8±2.1 257.0±38.6 0.148±0.022 52.3±7.9 0.35±0.05 147.6±22.1 4757±714 16262±2439

BC7-BC 8.5±0.0 4.6±1.5 168.5±3.4 183.6±27.5 0.099±0.015 38.6±5.8 0.21±0.03 187.9±28.2 403±60 2887±433

BC8-S 10.0±0.0 18.4±0.8 312.1±1.4 9.9±1.5 0.011±0.002 30.3±4.6 0.27±0.04 111.0±16.7 1837±276 35570±5335

BC9-MP 9.0±0.0 6.8±0.4 196.9±1.2 260.0±39.0 0.145±0.022 41.1±6.1 0.14±0.02 297.3±44.6 703±105 1622±243

BC10-NB 9.9±0.0 14.3±0.1 135.2±2.3 35.8±5.4 0.038±0.006 27.0±4.0 0.24±0.04 110.2±16.5 4300±645 14518±2178

BC11-WSD 8.4±0.0 17.82±0.83 153.4±4.1 185.0±27.8 0.090±0.014 32.5±4.9 0.39±0.06 82.6±12.4 373±56 3084±463

BC12-SP 9.0±0.0 30.6±0.3 107.3±11.0 22.0±3.3 0.036±0.005 38.0±5.7 0.84±0.13 45.2±6.8 3664±550 10403±1561

BC13-CM 8.5±0.1 25.6±0.4 265.1±0.6 8.7±1.3 0.015±0.002 26.2±3.9 0.24±0.04 109.3±16.4 4527±679 16667±2500

BC14-M 9.2±0.1 12.3±1.8 267.6±9.2 440.0±66.0 0.234±0.035 80.0±12.0 0.60±0.09 133.3±20.0 1100±165 7500±1125
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Table 7 Results of the biochar screening – evolution of environmental efficiency parameters.

Characteristics of biochars - Environmental efficiency

Biochar
Toxic element– 

Co. Cu. Cr. Ni. Zn 
[mg/kg]

Viability index 
[CFU/g] 

Bacteria + Fungi

Plant growth 1. Mustard [%] Plant growth 
2. Wheat root 

[%]

F. candida 
lethality 

[%]Root Shoot

BC1-PFS <LOD; 52.0±5.0; 20.8±1.4; <LOD; 
116.2±11.2 1.41E+06 39.9±0.1 −27.29±2.6 58.39±2.0 10.0±0.9

BC2-PFSA <LOD; 20.7±2.2; <LOD; <LOD; 
55.5±6.1 7.09E+06 38.7±2.7 −29.78±1.5 42.97±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 1.99E+07 9.8±0.3 22.19±1.2 83.55±9.6 25.0±0.0

BC4-BCMO <LOD; 132.7±9.1; 23.6±4.3; <LOD; 
863.4±77.1 1.21E+07 87.3±6.4 60.10±7.5 91.94±18.1 30.0±0.0

BC5-W <LOD; 41.1±3.5; <LOD; <LOD; 
334.0±9.5 1.05E+06 84.2±6.6 61.92±4.2 67.74±11.3 22.5±0.0

BC6-V <LOD; 111.8±3.0; 29.1±1.4; <LOD; 
219.7±27.6 1.22E+04 94.3±24.2 97.70±41.2 88.22±19.3 35.0±5.8

BC7-BC <LOD; 16.4±2.3; <LOD; <LOD. 
46.2±0.8 4.94E+06 20.7±1.6 49.65±7.1 78.75±10.1 17.5±2.6

BC8-S <LOD; 23.2±1.7; 33.3±13.6; <LOD; 
274.3±37.2 2.10E+04 93.1±15.4 95.71±10.4 100.00±0.0 52.5±7.9

BC9-MP <LOD; 42.7±3.8; 70.2±18.9; <LOD; 
48.6±9.1 6.25E+05 57.0±8.8 19.14±2.6 75.85±5.2 37.5±4.8

BC10-NB <LOD; <LOD; <LOD; <LOD; 30.3±4.6 1.37E+06 100.0±0.0 100.00±0.0 77.54±12.7 50.0±7.5

BC11-WSD <LOD; 23.1±3.5; <LOD; <LOD; 
343.8±12.6 4.93E+05 39.8±0.9 50.94±9.7 60.32±5.3 55.0±8.6

BC12-SP <LOD; 72.1±1.7; <LOD; <LOD; 
224.5±7.5 3.04E+06 61.7±5.4 23.75±1.1 72.90±11.8 67.5±10.6

BC13-CM <LOD; 250.8±14.8; <LOD; <LOD; 
893.6±55.3 1.44E+06 97.5±21.2 97.86±41.0 66.42±2.3 15.0±1.2

BC14-M <LOD; 48.6±0.2; 46.7±7.3; <LOD; 
160.6±17.8 8.33E+05 100.0±0.0 100.00±0.0 91.94±16.4 40.0±7.3
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