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Abstract. Pyrolysis technology facilitates the heating of organic waste
biomass in a very low oxygen environment to temperatures over 400 ◦C.
The high carbon content and surface area of the char produced via slow
pyrolysis makes it suitable for a range of purposes that would sequester
the carbon it contains. For example, there is a growing interest in its
use as a soil amendment, which enhances plant growth and nutrient use
efficiency.
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Biochar application to soils is being considered as a means to improve
fertility while concurrently improving soil functions. Wider issues, includ-
ing environmental conditions, applicational health, and safety associated
with biochar production and handling, are put into context. Biochar
also might contain organic and inorganic contaminants, which developed
during the pyrolysis processes. The aim of this study is to measure both
a biochar product’s Polycyclic Aromatic Hydrocarbons (PAHs) content
to get scientific basis for policy development and the potential changes in
the microbial community relating to biochar soil application, with special
attention to soil-borne pathogens. Based on our results, we found that
biochar increased the microbial biomass values even before the incuba-
tion. In single and combined biochar–alginite treatments, more bacterial
biomass was adsorbed due to the higher adhesion capability and the in-
creased surface area. The volume of the microbial adsorption is different
from species to species and even strains.

1 Introduction

In line with ever-changing consumer needs, the production of healthy and safe
food poses increasing challenges to agriculture, food industry, and, last but
not least, soil (micro-)biology professionals. The constantly degrading soils or
the effects of climate change further reinforce these challenges and highlight
their significance (Lajtha et al., 2018; Fekete et al., 2014; Kotroczó et al.,
2020). Numerous studies report that these processes need to be mitigated.
There have also been a number of studies finding the use of biochar a good
solution, highlighting its positive properties (Ding et al., 2016), but only a few
publications present the critical aspects of using biochar (Hardy et al., 2019).

Biochar-charcoal is an organic-related biomass material which could be pro-
duced by reductive pyrolysis (Di Blasi, 2008; Bridgwater, 2007). There is a
growing interest in its use as a soil amendment, which enhances plant growth
and nutrient use efficiency (Van Zwieten et al., 2010a; Shomana et al., 2020).
Beneficial effects of biochar in terms of increased crop yield and improved
soil quality have been reported. Its application into soil is a well-accepted
process in sustainable agricultural systems, even though there are large dis-
crepancies about its positive and negative effects. Biochar might improve the
physical-chemical-biological properties of soil (Brady & Weil, 2008) and its
water retention (Shomana et al., 2020), the clay and organic matter content
(Glaser et al., 1998; Lehmann et al., 2003), the pH levels (Van Zwieten et al.,
2010b), and the availability of macro- and micronutrients due to its adsorption
capacity (Brown et al., 2006; Chan et al., 2008).
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Data in the literature suggest that biochar products could be applied on a
wide scale to influence soil-plant-microbe interactions. Biochar has a highly
porous structure with a surface that can reach an area of 1,000 m2/g (Downie
et al., 2009). In addition to the adsorption of various organic and inorganic
substances, it provides habitats for bacteria, actinomycete, and fungi (Thies &
Rillig, 2009). The observed actions of biochar on soil microbiological activity
result from at least three main effects: alteration of physico-chemical interac-
tions, such as increased water and nutrient retention; electron donor provision;
provision of habitat (Ennis et al., 2012; Chan et al., 2008). The soil microbiota
need an efficient surface protection by the large absorptive capacity of biochar
products and an improved water/nutrient supply. Although the combined and
enhanced role of biochar and soil microbial populations in ecosystem amelio-
ration are recognized (Fischer & Glaser, 2012; Cocozza et al., 2017), limited
research has been reported on microbial diversity/functional response to the
approach. Publications on the integration of biochar into crop production
technologies report yield increases, at least in the short term (Gorovtsov et
al., 2019). Matsubara et al. (2002) have shown that biochar inoculated with
mycorrhizal fungi is effective in reducing Fusarium root disease in an Aspara-
gus species. In an experiment with tomato plant, Nerome et al. (2005) found
that biochar from municipal organic waste reduced contamination in soil by
the pathogenic bacterial wilt (Ralstonia solanacearum).

Besides the already known benefits, however, some environmental risk of
biochar application was also published. Numerous studies have supported the
effects of biochar on various herbicides and pesticides. Zheng et al. (2010)
found that biochar efficiently adsorbed them, thereby reducing their efficiency
(Yang et al., 2006). On the other hand, during the pyrolysis process, some
contaminants might be created in the biochar products, which might reduce its
agricultural applicability. Such contaminants are the polycyclic aromatic hy-
drocarbon (PAH) compounds, which might create some environmental threat
(Wang et al., 2017). PAH compounds have been detected both in pyrolysis
products and also during forest fires in nature (Ré-Poppi, 2002; Kim et al.,
2003; Kocsis et al., 2018). Determination of the PAH content of any biochar
products is of utmost importance to assess the human/environmental risk.
Some authors stated (Kaal et al., 2008) that PAHs are the result of the py-
rolysis process, being formed when biomass undergoes a variety of physical,
chemical, and molecular changes. The PAHs’ content might exceed the per-
missible limits of biochar products very frequently (Rajapaksha, 2016; Kocsis
et al., 2018). This fact can reduce the soil applicability of biochar products
when considering the environmental and food safety aspects.
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The aim of our work was to find out how biochar as a potential abiotic
contaminant (PAH) affects the soil, what its biotic risk is, as it can also support
the growth of microbes and opportunistic pathogens that are harmful from the
point of view of food safety, and study the adhesion factors of microorganisms
on species and strains level. We also aimed to provide a biochar product’s
PAH content measurement to get scientific basis for policy development and
to measure the potential changes in the microbial biomass relating to biochar
soil application, with special attention to soil-borne pathogens.

2 Materials and methods

Pollution parameters

PAH content in the applied biochar product was investigated by HPLC
(CEN/TS 16181:2013), as suggested by Beni et al. (2014) and W lóka et al.
(2015). In order to provide a wide range of statistically correct results, 6
subsamples were measured for PAHs content. 30 ml of acetonitrile was used
as sample preparation for the accurately measured 1.00-gram samples. The
samples were then treated for 30 minutes in an ultrasonic bath. The extracts
were shaken for 24 hours. After that, extracts were purified by centrifugation
and filtration through a 0.45-µm pore-size PP membrane filter. The final
phase of sample preparation was the concentration of extracts by using Solid-
Phase Extraction Technique. For this purpose, ChromaBond C18 6 ml/500
mg columns were used as follows: flow rate: 1.5 ml/min, temperature: 30 ◦C,
detector: UV 254 nm, and injector volume: 20 µl.

Testing of soil-borne microorganisms by biochar contaminants

The aim was to investigate the biochar effect on soil biota. Biochar-treated
slightly humus sandy soil’s microbial abundance was determined by the pour-
plate method. 50 grams of dried and sieved (2 mm) soil samples were prepared
in Petri dishes. The samples were subjected to the following treatments (in
4-4 replicates): A) control, no amendment, B) 5 g biochar, C) 5 g biochar + 3
g alginite as a slow-releasing nutrient source. Water-holding capacity was set
to 60%, while incubation temperature was adjusted to mesophilic (30 ± 1 ◦C)
conditions for 48 hours. After incubation, the samples were decimally di-
luted until 1/10th of the original concentration, and then 100 µl of all dilu-
tion was pipetted onto Nutrient-agar media (Oxoid Ltd.) surface and spread
around using a sterile glass rod. The CFU values were counted after 24 hours,
30 ± 1 ◦C incubation.
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Testing of the microbial adsorption capacity

To investigate the microbial adhesion ability on different surfaces, bacteria
strains from the collection of the Department of Microbiology and Biotechnol-
ogy, Szent István University (Table 1 ) were separately incubated in a liquid
medium (pH 6.6) containing glucose (20 g/l), peptone (10 g/l), and yeast
extract (2 g/l) until 108 CFU/cm3 concentration. All of these species are
common in the soil, and if they contaminated the raw materials, they would
cause food spoilage or illness.

Table 1. Experimental strains with their incubating temperature

Strain Collection no.
Incubation
temperature

Properties

Pseudomonas
aeruginosa

ATCC 27853 37 ◦C Opportunist pathogen

Pseudomonas
lundensis

ATCC 49968 30 ◦C
Causes spoilage of milk, cheese,
meat, and fish

Bacillus
cereus

ATCC 14579 30 ◦C Causes foodborne illness

Micrococcus luteus ATCC 10240 30 ◦C Opportunist pathogen

Escherichia coli
(four strains)

ATCC 8724
ATCC 8739
ATCC 25992
ATCC 43895

37 ◦C Opportunist pathogen

In the measurement, sterilized soil column was prepared in three differ-
ent treatments. The soil was pre-treated by γ-irradiation with 20 kGy doses
(1600 TBq activity of 60Co source). The assay followed OECD Test No. 312:
“Leaching in Soil Columns” protocol. The following treatments were set in
4-4 replicates: A) control, 50 g soil; B) 45 g soil + 5 g biochar; C) 40 g soil + 5
g biochar + 5 g alginite. Two pieces of filter paper were placed on the plastic
plate to avoid the outflow of soil particles from the soil column. A sterilized
(autoclave 121 ◦C, 21 min) 15 mm thick quartz sand layer was also added on
the top and bottom of the soil to facilitate a uniform distribution of the eluent.
After the preparation, 100 ml sterile deionized water was added to the column
to restore moisture content. After flowing down, 100 ml separately prepared
liquid bacteria culture was also added. The leachate was later collected by
a 250 ml flask under the soil column, and its volume was recorded. A total
of 12 samples of leachate (each sample contained approximately 200 ml of
leachate in volume) for each soil column were collected. Finally, the microbial



74 T. Kocsis et al.

concentration of the leachate was also determined by pour-plate method.

Data analysis

For evaluation of the results, one-way ANOVA test was applied. Normality
assumption was proven by Kolmogorov-Smirnov test (p > 0.05, p = 0.200) or
Shapiro–Wilk test (p > 0.05), and the homogeneity of variances was checked
by Levene’s test (p > 0.05). Where data had homogeneity of variance, Tukey’s
honestly significant difference (HSD) post-hoc test was used, and where the
data were 131 heteroscedastic, Games-Howell’s post-hoc analysis was applied.
The differences are presented with the letters a, b, c, and d over the corre-
sponding column of the graph. As above, the significantly highest group is
denoted with the letter a, the next highest with b, c, and this pattern continues
up to letter d, if needed.

3 Results and discussion

Risk assessment of biochar samples

Even though soil properties can be improved by biochar application, concern
should be given to proper biochar quality. As it was reviewed by Kocsis et al.
(2016), the biochar might contain chemicals of persistent organic pollutants,
which may reduce its general agricultural applicability. The levels of various
PAH compounds were assessed from several biochar samples of agricultural
origin. Results are shown in Table 2.

As we found beforehand (Kocsis et al., 2018), the PAH concentration of the
biochar sample exceeded the permissible limit value of the 1 mg.kg−1 product
(Table 2 ). There is an International Biochar Initiative, which recommends
classification tools regarding the nutrient and PAH content of these pyrolysed
products, but it is not a widespread norm. In Hungary, there is a standard
and a decision of the Hungarian Agricultural and Land Management Ministry
(36/2006.V. 18. FvM) on yield-enhancing materials. Furthermore, the Hun-
garian soil conservation and protection law (129/2007) also stated that caution
is needed with any products with a potential of soil application. The PAH
concentration in biochar-treated soils cannot exceed the level of 1 mg/kg on
a dry soil basis. Neither of the adjusted biochar-soil treatments exceeded the
statutory requirement.

Compared to the control after 48 hours at 30 ◦C temperature, both the
biochar and biochar + alginite treatments showed a one-order increase in log
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CFU values after the start of the incubation (Figure 1 ) – these increased values
were significant based on the ANOVA test result. The sterile biochar did not
contain microorganisms (due to incineration and lack of water), wherefore the
explanation might be that biochar provided additional nutrients and space
(niche) for microbial growth. Numerous studies report that due to its porous
structure, biochar is not only able to bind certain substances, but the large
surface area also promotes the adhesion of microorganisms, providing habitat
for them (Lehmann et al., 2011; Abujabhah et al., 2016).

Table 2. Characteristics and levels of various Polycyclic Aromatic
Hydrocarbon (PAH) compounds of the biochar product

Characteristics Biochar

Raw material Separated cow manure/wood chips (80:20%)
Obtaining temperature (◦C) 650–750
pH (water) 9.66
Total dissolved solids (mg/kg) 2125
PAH compounds (µg/g)
Anthracene 0.1209
Benzo[a]anthracene 0.3276
Benzo[b]fluoranthene n.d.
Benzo[a]pyrene n.d.
Chrysene 7.3454
Fluoranthene 2.4044
Fluorene 0.4437
Phenanthrene n.d.
Pyrene n.d.
SUM 10.6419

The content of some polycyclic aromatic hydrocarbon (PAH) compounds was measured by the HPLC

method.

The short time between mixing the biochar in the soil and the measurement
was sufficient for this increase. The same results can be observed for biochar +
additions, with slightly higher values compared to the single biochar treatment
and a higher rate of increase after incubation, which can be explained by the
slower exploration of alginite. As biochar, alginite has a number of beneficial
properties. It improves soil structure, has a significant content of minerals and
organic matter, and contributes to improving soil biological activity and thus
fertility (Borowik & Wyszkowska, 2018; Strachel et al., 2018). In this case,
the alginite could not be revealed due to the short measurement period, which
could be the reason why no statistically substantiated differences between the
biochar and the biochar + alginite treatments were found.
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Figure 1. Development of CFU cultivable germ count values under the
influence of biochar and biochar + alginite compared to the untreated control

The log CFU values of pure cultures filtered through soil columns were sig-
nificantly lower in the biochar and biochar + alginite treatments compared to
the control. This means that the biochar and the combined biochar-alginite
treatments adsorbed more bacteria, which is due to the higher adhesion ca-
pability and the larger surface area. Elmer et al. (2010) reported a similar
result in their work with Asparagus. In their experiment, they observed a
decrease in the number of Fusarium fungi in biochar-treated soils. Likewise,
Ogawa (2010) describes the use of biochar and biochar-amended composts in
reducing bacterial and fungal soil-borne diseases.

There was no significant difference between biochar and biochar + alginite
treatments, except for one Escherichia coli strain ATCC 8739 (Figure 3 ),
where the biochar-alginite combination produced a synergistic effect compared
to the single biochar treatment.

The microbial adsorption capacity rate of the cultures also varied with
species and strain levels (figures 2 and 3). The measured Pseudomonas aerug-
inosa strain leached in greater values than Pseudomonas lundensis, Bacillus
cereus, and Micrococcus luteus (Figure 2 ).
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Figure 2. The number of the different bacteria under the influence of biochar
+ alginite, compared after leaching through a soil column

In the case of E. coli, the leaching properties show also diverse results, sug-
gesting differences in the microbial adhesion factors (Figure 3 ). The ATCC
43895 (O157:H7) strain produced the largest binding compared to the control,
while ATCC 8739 uniquely shows a significant difference between the combined
biochar-alginite and the single biochar treatments. The CFU concentration of
the starting liquid was “log 8”. The soil columns reduced the number of bac-
teria in the liquid by orders of magnitudes of 1.4–2.1. Based on the reduction,
more bacteria remained in the leached column; thus, the biochar-treated soil
may potentially pose a greater food safety risk of pathogenic microbes.

There is a huge variability in biochar structures depending on the parent
material and the conditions present at their formation. This determines many
properties of biochar, including how many, if any, microorganisms are able to
adhere to its surface (Czimczik & Masiello, 2007). Several studies reported
that different groups of microbes are able to bind to biochar to varying degrees.

The reasons for changes in microbial abundance may differ for the differ-
ent groups of microorganisms (Warnock et al., 2007; Lehmann et al., 2011).
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Figure 3. The number of different Escherichia coli strains under the influence
of biochar + alginite, compared after leaching through a soil column

Differences in the adsorption of microbe species or strains onto biochar are
explained by phenomena such as sorption of signalling compounds, detoxifi-
cation of allelochemicals, soil physico-chemical properties, or indirect effects
through alterations of other soil microbial processes (Warnock et al., 2007;
Elmer & Pignatello, 2011; Lehmann et al., 2011).

4 Conclusions

Based on the results of this study, the main risks of the biochar products of
various industrial technologies cover two main directions. One of them is the
risk of PAH content, which might diminish the proper nutrient availability of
crops in arable soils. The other direction is the microbiological contamination
of the changed soil niche. Increased countable microorganism number can be
adsorbed by biochar application, which helps soil life by providing additional
nutrients and ecological space in the treated soil, which also supports the sur-
vival of pathogens. In this case, the added alginite did not yield a significantly
different result compared to biochar treatment. The measurement of micro-
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bial adsorption capacity revealed that biochar and biochar-alginite treatments
adsorbed microbes in higher amount, and so they can be found in higher
numbers, which is also a food safety issue. The magnitude of these changes
is different from species to species and even strains. Thus, it is difficult to
determine why there might be such a difference between individual microbial
strains in their binding to biochar. However, it supports our hypothesis that
potentially pathogenic microbial strains need to be tested separately based on
their adsorption affinity to biochar. Based on our results, we can state that
their different binding determines the amount of microbes in biochar-enriched
soils, and thus they can pose a food safety risk even if they are too enriched.
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[34] Ré-Poppi, N., Santiago-Silva, M., Identification of polycyclic aromatic
hydrocarbons and methoxylated phenols in wood smoke emitted during
production of charcoal. Chromatographia, 55. (2002) 475–481.

[35] 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. (2020) 67–72.

[36] Strachel, R., Wyszkowska, J., Baćmaga, M., An evaluation of the effec-
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