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Abstract

Biochar effect on the polycyclic aromatic hydrocarbons (PAHs) uptake by
spring barley (Hordeum Sativum) was studied in model experiment conditions
with Haplic Chernozem spiked by the high doses of benzo[a]pyrene (BaP)
(400, 800 and 1200 pg kg1), as the main marker of PAHs contamination. The
relevance of the study is due to the BaP stability in natural environments and
its carcinogenicity in relation to all living organisms. The express method of
subcritical water extraction was used for BaP extraction from samples. The
soil contamination by BaP contributed to the PAHs accumulation in soil and
plants uptake from the polluted soil. It was found the 1% biochar application
dose in the variant with 400 ug kg! contamination decreased the alone BaP
and total PAHs content in soil and spring barley up to 50% compared to the
contaminated variant. In soil contaminated with 800 pg kg! the 5% of biochar
application led to the BaP content decreasing in the soil up to 56% and in the
plants to 40-60%. Application of 5% biochar in the soil polluted with 1200 pg
kg led to the BaP and total PAHs content decreasing in soil up to 47% and
30%, respectively, plants the BaP content decreased up to 37-48%. Biochar
5% amendment effectiveness has been shown on the plants grown on the
highly toxic variant contaminated with 1200 ug kg BaP. The earing phase was
inhibited in the spring barley plants growth at the most contaminated soil of
the model experiment, whereas biochar application into the soil promoted the
successful formation of the corn. The used biochar showed a high sorption
capacity and its effectiveness under the soil remediation contaminated with
BaP.

Keywords: Carbon sorbent, vegetation experiment, remediation of soil, plant
uptake, PAHs.
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Introduction

Benzo[a]pyrene (BaP) is one of the most dangerous organic contaminants in the environment and the most
toxic, carcinogenic, and mutagenic representatives of the polycyclic aromatic hydrocarbons (PAHs), first-
class dangerous compound (Tobiszewski and Namie$nik, 2012; IARC, 2020; Abdel-Shafy and Mansour,
2016). Its background content in Haplic Chernozems varies at the level of 15-25 pg kg1, which is due to the
increased content of highly condensed organic matter in the Chernozems soil and its soil microflora specific
composition (Sushkova et al., 2017). Absorbing on the soil surface as a pollutant the BaP is involved in the
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processes of distribution in the soil-plant system (Tsibart and Gennadiev, 2013). Plants are an integral
component of terrestrial ecosystems and are exposed to the entire group of pollutants, and almost 45% of all
PAHs released into the environment uptake in plants (Kang et al, 2010). The complex of soil - plants
interaction is an important object of environmental pollution control by BaP. Since soils and plants function
in close relationship with each other, a whole system arises that connects the processes of accumulation and
transformation of BaP in soils and plants (Li et al., 2015).

Currently, there are no full-fledged investigations of the mechanisms of the BaP uptake by plants, especially,
connected with reducing BaP bioavailability to plants. BaP can sorb on the root cell walls, for example, which
is reported by Pretorius (2018). BaP sorption processes proceed according to the lipophilicity of the
compound molecule (Kang et al., 2010). It is noted that BaP diffusion into the plant root is very slow (Li et al,,
2015). It has been shown that the BaP content in cereals could exceed 1 pg kgt (Li et al, 2016; Liu et al, 2017;
Tian et al., 2018). This process can relate to the level of soil contamination by the toxicant (Ni at al., 2017;
Chen et al, 2019). Also, it was established that the plant species have a different tolerance to BaP
contamination. For example, cereal plants are capable to accumulate BaP up to 30-40% of their total content
in the soil (Roszko et al., 2020). Thus, the assessment of soil toxicity to different species of plants is
complicated by the pollutant’s uptake selectivity (Ni et al., 2017). The same level of BaP contamination led to
the different degree of soil toxicity for each agricultural crop (Iljina et al, 2020). Thus, the costs of
reclamation of such soils can be unjustifiably overestimated or, conversely, underestimated, which increases
the relevance of research in this direction (Kuppusamy et al., 2017; Li et al., 2020).

There are several sorbents that can be used for soil remediation under polyaromatic hydrocarbons
contamination (Carvalho et al., 2015). This soil remediation technology is not only low-cost, easy to use, but
highly effective both in terms of selective removal of pollutants and in terms of restoring soil quality (Lima,
2018). Carbon sorbents, such as biochar, are the most often used for soil remediation (Vardhan et al,, 2019;
Kottowski et al., 2017). The global production of biochar alone reaches hundreds of thousand tons per year
(Eeshwarasinghe et al., 2019). Biochar is characterized by a large specific pore surface area, and high
stability in soil (Qin et al., 2013; Huggins et al., 2016; Liu et al., 2017; Yakovleva et al., 2017).

The purpose of this research was to establish the reduced spring barley (Hordeum Sativum) plant uptake of
PAHs from soil amended with biochar in the artificially contaminated Haplic Chernozem. The mechanisms of
BaP uptake will be determined for spring barley as the most common agricultural plant in the Chernozem
distribution area. Thus, this model experiment will provide unique information about the consequences of
technogenic contamination in the Chernozem zone of the South of Russia that will help to correctly choose
the ways of remediation and cultivating the agricultural crops in this region.

Material and Methods

Model experiment design

A model laboratory experiment was laid to study the biochar effect on the PAHs uptake by spring barley
(Hordeum Sativum). The soil (0-20 cm) of the specially protected natural area "Persianovskyi Preserve
Steppe" was used sampled from the territory located at the Rostov Region, southern Russia (Figure 1), which
is represented by Haplic Chernozem (Table 1). Haplic Chernozem soils occupy a significant area in the large
agro-industrial regions of southern Russia, such as the Rostov Region and Krasnodar Krai territory.

Table 1. Physical and chemical properties of Haplic Chernozem (0-20 cm)

Silt particles Clay particles o o Caz+ +Mg?+, CEC,

<0.02 mm), % <0. mm), % . mmol(+ g mmol(+ g
0.02 % 0.002 o  Cores % pH  CaC0s % 1(+)/100 1(+)/100
48.1+1.4* 28.6%1.2 3.7+£0.3 7.310.1 0.31£0.1 35.0+£3.0 37.1+£2.9

+ the standard deviation (SD)

The selected soil was cleaned of plant residues and other inclusions, grounded in a porcelain mortar, and
passed through a sieve with a hole diameter of 1 mm. Air-dry soil 4 kg was placed in the vegetative vessels,
and an aqueous solution of BaP in acetonitrile (400, 800 and 1200 pg kg 1) was added to the soil surface. The
choice of doses of pollutants was determined by the existing levels of soil pollution in the Rostov Region
(Sushkova et al., 2020). After the application of pollutants, the soil was incubated for 1 week, and then
biochar was added in doses from 1% and 5% of the total soil volume.

The moisture content was maintained at 60% of the total field moisture capacity during the entire
incubation period in the soil of the phytotoxicity model laboratory experiment (GOST RISO 22030-2009).
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Figure 1. Soil sampling map.
After one month of incubating the soil with sorbents, the seeds of spring barley of the two-row variety
Ratnik (Hordeum Sativum) of the Poaceae Family, which is one of the main grain crops grown in the Rostov
region, were sown in the amount of 20 seeds per cup. Plants were sampled 3 months after sowing, and the
PAHs content was measured in the soil, roots, stem, and corn of spring barley. The experiment was settled in
3 replications.

Biochar made from sunflower husks at a
pyrolysis temperature of 500°C was used for
the model experiment. Scanning electron
microscopy image of the biochar surface
shows the wvarious pores structure
perspective for the PAHs adsorption from the
soil (Figure 2).

L ; by 1 \ g Y/
SEM HV: 20.00 kV View field: 650.2 pm | VEGA\ TESCAN
Det: BE 200 um n’

Figure 2. SEM image of the biochar from the regional sunflower
husk.
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Extraction of BaP from soil and plant samples

BaP was extracted from soils and plants using the method of subcritical water extraction (Sushkova et al,,
2016). A 1 g weighed portion of soil/plants (roots, stem, corn) was placed in an extraction cartridge, and 8
ml of bidistilled water was added after it was tightly screwed on both sides with bolts. A pressure gauge with
a built-in emergency pressure relief valve was connected to the cartridge so that the pressure inside the
cartridge was equal 55-60 atm. The cartridge was installed in a thermostat and heated to 250°C for 30 min.
After cooling the system, the cartridge was unscrewed, the contents were filtered 3 times through a paper
filter with a blue ribbon into a glass conical flask to a clear solution, each time rinsing the filter with 2 ml of
distilled water. From the resulting aqueous extract, BaP was re-extracted three times with n-hexane
(analytical grade). For that purpose, the 5 ml of hexane was poured into the flask, closed with a glass
stopper, and shaken on a shaker for 15 minutes. Separation of layers was carried out on a 50 ml separating
funnel sequentially in three stages with the next portion of hexane. The combined hexane extract was passed
through a funnel with calcined anhydrous sodium sulfate, after which the extract was evaporated in a pear-
shaped flask on a rotary evaporator at a water bath temperature of 40°C to a dry residue. The resulting
residue was dissolved in 1 ml of acetonitrile with stirring for 30 minutes, and the concentration of BaP in the
extract was determined by HPLC. The completeness of BaP extraction was determined by the addition
method, for which a soil sample of 1 g was placed in a flask for a rotary evaporator and a certain amount of a
standard BaP solution in acetonitrile was added based on the creation of a BaP concentration in the sample
of 2,4, 6, 8, 16, or 32 ug kgl. After evaporation of the solvent for 30 min under room conditions, the analyte
was kept at 7°C for 24 hours, and then the samples were analyzed by a high-performance liquid
chromatography (HPLC) according to the certified procedures (MUK 4.1.1274-03. 4.1; ISO 13877-2005)
using the system with fluorometric detection 1260 Infinity Agilent (USA).

The PAHs content was determined by the standardized external method (Procedure of measurements ...,
2008). The following equation was used to express the PAH’s content:

Cs = k SixCstxV/(Sstxm), (1)

where Cs and Cs: are the PAH concentrations determined in the soil sample and the standard PAH solution,
respectively (pug kg1). St and S; correspond to areas under the peak of PAH standard solution, and studied
sample, respectively. V, k, and m are assigned to the acetonitrile volume used for extraction (mL), the
recovery factor for PAH from the sample and the mass sample (g), respectively. The efficiency of target PAHs
extraction from soils was calculated using a spike matrix.

Samples were analyzed for 16 PAHs (naphthalene; chrysene; phenanthrene; benzo[k]fluoranthene;
anthracene; a cenaphthylene; pyrene; fluoranthene; biphenyl; benzo[a]anthracene; benzo[b]fluoranthene;
acenaphthene; benzo[a]pyrene; dibenzo[ah]anthracene; fluorine; benzo[gh,i]perylene) with an Agilent
1260 (Germany) Infinity high-performance liquid chromatography (HPLC) equipped with a fluorescence
detector following the ISO 13859:2014 requirements. The HPLC system was coupled to reversed-phase
column Hypersil BDS C18 (150 x 4.6 mm, 5 pm) with a mixture of acetonitrile and ultrapure water as the
mobile phase. Compounds were identified according to the retention time recorded by the corresponding
analytical standard samples. HPLC grade acetonitrile (99.9%, analytical grade), anhydrous Na;SO4, n-hexane
(99%, analytical grade), ethanol (96%, analytical grade), potassium hydrate (98%, analytical grade), and
NaOH (97%, analytical grade), were used in the analysis. All research results were performed in 3-fold
analytical replication.

Statistical analysis of the results

SigmaPlot 12.5 and Statistica 10 were used for processing data. The reliability of differences between the
experimental variants was assessed using the Student's t-test, with a fixed p-level <0.05. The relationships
between the variables were estimated using linear regression with a fixed p-level <0.001.

Results and Discussion

BaP content in the soil of the model experiment

After 4 months of model experiment contamination, it has been established that contamination leads to BaP
and priority PAHs accumulation in the soil of the model experiment (Figure 3). The content of BaP in
Persianovskyi Preserve Steppe as control soil amounted to 17.6%£0.7 pg kg! that is lower MPC (GN
2.1.7.2041-06. 2.1.7, 2006), total PAHs content was at the level 230.5+11.1 ug kg1 that corresponds to our
previous research data (Sushkova et al., 2017; Sushkova et al., 2020). BaP content in soil contaminated with
doses of 400 pg kg1, 800 pg kgt and 1200 pg kg! promoted an increase of the BaP content in the soil to
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355.6+x13.3 pg kg1, 620.1+32.2 ug kgt and 870.1+44.3 pg kg1, respectively, as well, it was established a total
PAHs content increasing in the BaP contaminated soil up to 660.9+31.7 pg kg!, 1154.5458.3 pg kg! and
1350.7+68.9 ng kg1, respectively.

BaP sum of 16 PAHs
800 - E 1400 - L
600 | . 1200 - s
s 1000 - E3
400 - i 800 -
=200 - _ ] 600 1 ] &
%‘z 400 -
3 40 300 -
20 | 200 -
ﬂ 100 -
0 l*l D 0 . T
«\\‘o\o\‘gh“g@‘ D) X \\‘?" oS \o‘QQ’uQQ\@‘ 0 ’1«0@‘
0|0 Q,‘gle‘o\olc Q,% ‘o\ Qle*o\ 0‘0 Q%'o M‘o |$°\ %l *ox
Q7 o\ §F  &" o\x Q o\ 0% 8
0‘\\‘0 3 D‘QO xS Q%Q \fl’Q 0{\\( 3 D‘QQ X8 3 N \"19
Q Q)tzs (V) %rz,, %‘ZS Q Q)rb (¢ %fz,. ?){28

Experience options
Figure 3. Benzo[a]pyrene and sum of total PAHs content in the soil of model vegetation experiment

The biochar application doses were divided to the pollution level and chose as 1% of the mass volume for
variants with uncontaminated control soil and soil contaminated by 400 pg kg-! BaP. The close relations
were found by Vasilyeva et al. (2020). The biochar 5% was applied in the soil contaminated with 800 pg kg1
BaP and 1200 pg kgt BaP. Biochar 1% amendment to soil decreased BaP content in control soil to 31%, and
5% biochar application decreased BaP content to 53%, compared to control, whereas the total PAHs content
did not show any representative changes in its content under the biochar application. As well as 5% biochar
application led to 10% increasing of the total PAHs content in the control soil which is most probably caused
by pyrogenic PAHs presence in the biochar structure forming during the pyrolysis process (Hale et al,,
2011).

The application of biochar at a dose of 1% into the soil contaminated with 400 pg kg-! BaP was accompanied
by a decrease in the BaP content up to 62.5% and in the total PAHs content up to 39%. In the variant
contaminated with 800 pg kg! BaP the application of 5% of biochar led to the BaP content decreasing up to
56% from its initial content in the soil, and total PAHs content decreased to 47%. Application of 5% biochar
in the soil contaminated by 1200 pg kg1 BaP effect on the BaP and total PAHs content decreasing to 47% and
30%, respectively. The data received associated with the study reported by Bonaglia et al. (2020), shows a
possibility of polyaromatic hydrocarbons microbial degradation under the biochar application in the
petroleum-contaminated soil. Chen and Chen (2009) estimated the perspectives of biochar using for some
PAHs sorption that approves the biochar efficiency using for the PAHs contaminated soil remediation.

BaP content in the plants of the model experiment

The BaP and total PAHs content were determined for all parts of the spring barley plants, such as roots,
stem, and corn. Since BaP has a toxic effect, barley plants have not reached the heading stage in the variant
contaminated with 1200 pg kg1. Soil contamination by BaP showed the spring barley uptake as BaP, as total
PAHs from the soil.

BaP accumulation in roots of control plants was 0.9+0.1 pg kg, total PAHs content was at the level
105.4+4.3 pg kg-1; for stem the BaP content was 0.4+0.03 pg kg1, total PAHs content was 40.9+2.5 pg kg!; for
corn BaP content estimated at the level 0.1+0.02 pg kg1, total PAHs content was 15.5+1.6 pg kg1 (Figure 4).
Contamination with 400 pg kg! BaP showed an increased BaP and total PAHs content in the spring barley
roots 115.2+6.0 pg kgl total PAHs content was at the level 291.6+14.0 pug kgl; in stem BaP content
increased up to 36.0+1.7pg kg1, total PAHs content was at the level 106.3+5.0 pg kg'1; in corn BaP content
was 12.6+0.6 pg kg1, total PAHs content estimated as 54.3+2.6 ug kg-1. The data received corresponding to
the data Manzetti (2013).
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Figure 4. Benzo[a]pyrene and sum of total PAHs content in the roots, stem and corn of spring barley plants of model
vegetation experiment.

Biochar 1% application in the control uncontaminated soil led to the BaP decreasing in the spring barley
roots and stem up to 50% compared to control, in the corn there was no difference. Applying the 5% of

biochar did not affect the BaP and total PAHs content in plants.

It was found the 1% biochar application in the variant contaminated with 400 pg kg! BaP affected the
toxicant uptake by spring barley plant. BaP content in roots, as well as total PAHs content decreased up to
34% compared to contaminated variant, in stem there was found 19% decreasing of BaP content and in corn
the content of BaP and PAHs decreased to 50%, that shows a high effectiveness of biochar application in the
above-mentioned dose (Figure 5).

Soil Roots Stem Corn
Z BaP 1200 + 5% biochar I I T I
2 BaP 1200 I I
& BaP 800 + 5% biochar I I |
o BaP 800 I I T
2 control + 5% biochar {I
-2 BaP 400 + 1% biochar I I T
g BaP 400 1 T T
% control + 1% biochar {1
= control {1

O 0 @ VPO O® 0P N D® PN O®

——— Sum of 16 PAHs %

Figure 5. Benzo[a]pyrene to total PAHs content % relation in the different parts of spring barley plants and
contaminated soil.

— BaP
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Soil contamination with 800 pg kg! BaP led to an intensive BaP and total PAHs uptake by the spring barley
roots 209.4+10.5 pg kg, total PAHs content was at the level 451.4+22.6 pug kg1; in stem BaP content
increased up to 88.0+4.6 pg kg1, total PAHs content was at the level 196.5+10.2 pg kg1; in corn BaP content
was 21.0+1.1 pg kg1, total PAHs content estimated as 63.7+3.3 pg kg 1.

In the variant contaminated with 800 pg kg1 BaP the application of 5% of biochar led to the BaP and total
PAHs content decreasing in roots up to 40-46% from the plants of contaminated variant. In stem there was
established BaP and total PAHs content decreasing up to 49-61%, and in corn only BaP content decreased up
to 49%.

BaP application in the soil in amount of 1200 ug kg1 BaP showed the extremely high level of toxicant uptake
by plants. The content of BaP and total PAHs in roots was 346.0£18.2 pg kg, and 602.9+31.7 ug kg1,
respectively. For stem this level were found at the level 145.3+7.1 pg kg1, and 252.5+12.5 pg kg7,
respectively. Corn is this variant didn’t form that is connected with a high BaP toxicity for this contamination
level.

Biochar amendment 5% showed a high effectiveness, because on the variant 1200 pg kg BaP + biochar 5%
the corn successfully formed. BaP and total PAHs content decreased in roots up to 37-48% from the plants of
contaminated variant. In stem there was established BaP and total PAHs content decreasing up to 19-33%.

The differences in the BaP uptake by spring barley plants can be described by their relations roots/soil,
stem/roots and stem/corn (Iljina et al., 2020). In all contaminated variants there was found a gradual
decreasing of the bioaccumulation coefficients after biochar application that shows an improvement of plant
barrier mechanisms to BaP and total PAHs content during the remediation process using 1% and 5% of
biochar under the different contamination level (Figure 6).

0,6 0,65
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7 041 20,50 1
70,3 1 §0,45 1
202 5040 1
’ ?0,35 |
Byl 0,30 |
0,0 — 0,25
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Figure 6. Bioaccumulation coefficients of benzo[a]pyrene and sum of total PAHs for soil and different parts of spring
barley.

Conclusion

Thus, it was found that the soil contamination with a concentration of 400, 800 and 1200 ug kg1 contributed
to the BaP and total PAHs accumulation in soil and all plants. All contaminated doses promoted the
inhibition in the growth characteristics of plants. The effect intensified with an increase in the pollutant
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concentration. The highest degree inhibition of the spring barley has been observed at the variant with BaP
application 1200 pg kg1

[t was studied the optimal doses of biochar application for the soil remediation under the high and ultrahigh
levels of BaP contamination for decreasing of the plants uptake. The dose of sorbent application was 1% for
soil contamination with BaP in concentration 400 pg kg-1. The BaP level decreased in soil and plants up to
50% compared to the contaminated variant. In soil contaminated with 800 pg kg-! the dose 5% of biochar
contributed to the BaP content decreasing in the soil and plants up to 60%. Application of 5% biochar in the
soil contaminated by 1200 pg kg effected on the PAHs content decreasing up to 47% that shows a high
sorption capacity of biochar and its effectiveness under the soil remediation process.
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