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Abstract
The present work investigated the effects of different doses of biochar (2.5%, 5%, 10%), a by-product of the pyrolysis of 
woody biomass, on the growth of oat plants (Avena sativa L., cv “Danko”) grown under different crude oil concentrations 
(0.5%, 1%, 2%, 3%, 6%) added to the soil, evaluating both biometric (i.e. fresh weight) and biochemical (i.e., content of 
malondialdehyde and proline, and total antioxidant power) parameters. The findings indicate that biochar positively influ-
ences the fresh weight of oat plants across all concentrations of crude oil investigated. On the other hand, regarding oxidative 
stress, measured by malondialdehyde and proline content, biochar led to a significant reduction, with statistical significance 
observed at biochar concentrations > 2.5% and crude oil levels > 2% (malondialdehyde: ranging from -25% to -38%; proline 
ranging from -33% to -52%). Soil amendment with biochar increased the total antioxidant power, particularly at biochar 
concentrations > 2.5% and crude oil levels > 2% (ranging from + 20% to + 98%). These results suggest that biochar has a great 
potential in mitigating the negative effects of crude oil contamination on plant growth and oxidative stress levels, thereby 
highlighting its value as a conditioner in contaminated soils.
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Introduction

Soil contamination by crude oil is a critical global environ-
mental concern, frequently originating from mishaps during 
the extraction, transportation, and storage (Macaulay and 
Rees 2014). This type of pollution substantially threatens 
terrestrial ecosystems, compromising soil quality, habitat for 
flora and fauna, food security, and human health (Dijoo and 
Khurshid 2022; Ashraf et al. 2010; Whitworth et al. 2017). 
Particularly, crude oil spills and leaks can have devastating 

effects on soil health, disrupting its natural composition and 
contaminating it with toxic hydrocarbons and other harmful 
substances (Lovindeer et al. 2023). The consequences extend 
beyond the immediate proximity of the spill, as pollutants 
can infiltrate groundwater, rivers, and other water bodies, 
leading to widespread ecological damage and posing risks 
to human populations dependent on these resources. The 
impact on soil quality can be severe, affecting its fertility 
and ability to support plant growth (Polyak et al. 2024). 
Crude oil-contaminated soil may experience reduced water 
retention capacity, hindered nutrient cycling, and altered 
microbial communities, further worsening the degradation 
of ecosystems (Chen et al. 2023). Additionally, the presence 
of crude oil can inhibit seed germination and plant growth, 
ultimately diminishing biodiversity and ecosystem resilience 
(Ilyas et al. 2021) .

Addressing the contamination of soil by crude oil requires 
comprehensive strategies that include prevention, mitigation, 
and remediation efforts (Lim et al. 2016). These encompass 
implementing rigorous safety measures in oil extraction 
and transportation operations, developing technologies for 
early detection and rapid response to spills, and employing 
effective remediation techniques to restore affected soils to 
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their natural state. For example, the strategies proposed for 
the remediation of contaminated soils include the addition 
of microorganisms capable of metabolizing hydrocarbons, 
breaking them down into less harmful substances through 
biochemical processes (Chunyan et al. 2023). Another strat-
egy involves the use of hyperaccumulator plants, which can 
extract, transform, or accumulate soil contaminants (Rascio 
and Navari-Izzo 2011). In addition, mechanical strategies 
of excavation and removal of contaminated soil are used to 
physically remove the contaminants from the site, which will 
then be treated elsewhere (ur Rehman et al. 2023).

Nevertheless, there is a pressing need to find new sustain-
able strategies capable of reducing costs and time for the 
remediation of contaminated soils. In recent years, the uti-
lization of bio-based materials, such as biochar, has gained 
attention as a promising sustainable remediation strategy 
(Saeed et al. 2021). Biochar is one of the by-product derived 
from the pyrolysis process. Pyrolysis is a thermochemical 
process that decomposes organic materials in the absence of 
oxygen, producing biochar, wood distillate, and syngas (Gre-
wal et al. 2018). During pyrolysis, biomass such as wood or 
agricultural residues undergoes heating at high temperatures, 
typically between 400 to 700 °C. This thermal decomposi-
tion leads to the formation of biochar, a carbon-rich solid 
residue that improves soil fertility and reduces greenhouse 
gas emissions when applied as a soil amendment (Hage-
mann et al. 2018). Alongside biochar, pyrolysis also yields 
both wood distillate, a liquid product primarily used in the 
agriculture sector since it has a chemical composition that 
increases both the yield and the quality of the plants grown 
(Celletti et al. 2023; Fedeli et al.2023a), and syngas, a mix-
ture of carbon monoxide, hydrogen, and methane, which 
serves as a renewable energy source (Pradhan et al. 2015). 
Specifically, biochar is used as an agricultural amendment 
because it enhances soil fertility by improving water reten-
tion, nutrient availability, and soil structure (Laird et al. 
2010). Furthermore, biochar may serve as a habitat for ben-
eficial soil microorganisms, thereby promoting microbial 
activity and enhancing overall soil health (Das et al. 2021). 
These combined effects contribute to increased crop produc-
tivity, resilience to environmental stresses, and long-term 
sustainability in the agricultural system (Diatta et al. 2020; 
Kapoor et al. 2022; Fedeli et al. 2024a).

In soil remediation, the porous structure and large surface 
area of biochar make this material very effective in adsorbing 
a wide range of organic and inorganic contaminants, includ-
ing hydrocarbons and heavy metals (Laird et al. 2010; Saeed 
et al. 2021). By immobilizing pollutants and preventing their 
migration through soil layers, biochar offers a sustainable 
and cost-effective means of restoring contaminated sites and 
safeguarding environmental health (Sachdeva et al. 2023). 
In addition, biochar plays a crucial role in carbon sequestra-
tion and climate change mitigation. By incorporating biochar 

into the soil, carbon is effectively stored in a stable form for 
long periods, reducing atmospheric  CO2 levels and mitigat-
ing the impacts of climate change (Woolf et al. 2010). This 
carbon sequestration potential sets biochar as a key product 
in global efforts to counteract climate change and transition 
towards a more sustainable future (Woolf et al. 2010). Fur-
thermore, the production of biochar offers a unique oppor-
tunity to valorize biomass waste streams, removing organic 
materials from landfills and incinerators (Khan et al. 2020; 
Kwapinski et al. 2010). This closed-loop approach not only 
reduces environmental pollution, but also creates economic 
opportunities for farmers and bioenergy producers.

Oat (Avena sativa L.) is a significant cereal crop world-
wide, ranking among the top six in global grain production 
(Stevens et al. 2004). It is primarily grown in regions such 
as Russia, Canada, the United States, and Europe (Leff et al. 
2004). This versatile crop thrives in various environmental 
conditions, including cool, humid climates and marginal, 
arid soils (Buerstmayr et al. 2007). Remarkably, oats can 
also grow in extreme conditions such as high altitudes, saline 
soils, and regions with significant temperature fluctuations, 
demonstrating their resilience and adaptability (Zhou et al. 
2014). Furthermore, oats have shown potential in phytore-
mediation, being able to grow in soils contaminated with 
hydrocarbons and aiding in their decontamination by stim-
ulating microbial activity that degrades pollutants (Aprill 
and Sims 1990; Liste and Prutz 2006). Oats also play a role 
in sustainable agriculture by improving soil structure and 
reducing erosion due to their extensive root system (Blanco-
Canqui et al. 2013).

To the best of our knowledge, this is the first study 
to investigate the effects of adding biochar to the soil to 
counteract the negative effects of crude oil contamination 
on plant growth, since the other two studies on this topic 
[Saeed et al. (2021) and Fedeli et al. (2023b)] investigated 
the effects of biochar on the remediation of soils contami-
nated by petroleum derivatives (diesel and gasoline, respec-
tively). Therefore, this study aimed to investigate the effects 
of biochar addition (2.5%, 5%, 10% w/w) in soils contami-
nated with different concentrations of crude oil (0.5%, 1%, 
2%, 3%, 6% w/w) on the growth and oxidative stress level 
of oat plants.

Material and methods

Biochar

Biochar (BioDea®) was provided by BioEsperia Srl (Arezzo, 
Italy); it was obtained from the pyrolysis at 600–650 °C of a 
blend of agricultural woody waste (including olive pomace, 
grape marc, walnut shells, and tree prunings), and, at the 
end of the process, biochar was mechanically collected. This 
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process allows to obtain a product with low ash and a high 
organic carbon content. The gases produced are extracted 
from the reactor head, via a vacuum system, without com-
ing into contact with the biochar, thus ensuring the absence 
of contaminants released during the pyrolysis. The phys-
icochemical properties of the biochar used are reported in 
Table 1.

Crude oil

The crude oil used in this study was the Azeri Light, a variety 
that holds significant importance in the global petroleum 
industry, being extracted from the waters of the Caspian Sea 
in Azerbaijan. Its chemical composition makes it particularly 
suitable for the production of refined petroleum products, 
such as high-performance gasoline and diesel. Managed 
primarily by British Petroleum, Azeri Light is a reliable 
source of energy supply and contributes significantly to the 
economy of Azerbaijan and the global oil supply. The char-
acteristics of the crude oil are reported in Table 2.

Experimental design and plant growing conditions

The experimental design consisted of testing four different 
concentrations of biochar (0%, 2.5%, 5%, and 10% w/w) and 
six different concentrations of crude oil (0%, 0.5%, 1%, 2%, 
3%, and 6% w/w) on the growth of oats (Avena sativa L., 
cv “Danko”), as shown in Fig. 1. This specific cultivar was 
chosen since it is primarily cultivated in Europe, particularly 
in countries like Italy, Germany, and Poland. It is esteemed 
for its adaptability to varying climates and its robust pro-
ductivity. “Danko” oat is favored for its resilience to dis-
eases and pests common in European agricultural settings, 
making it a reliable choice for farmers seeking consistent 
yields. This cultivar is valued for its ability to thrive under 

diverse environmental conditions, contributing to its wide-
spread popularity among oat growers across the continent. 
Each treatment was repeated in triplicate. The control (bio-
char = 0%, crude oil = 0%) consisted of commercial grow-
ing substrate only (100 g/pot; VigorPlant Italia Srl, Lodi, 
Italy – characteristics are reported in Table 3); while for the 
crude oil-contaminated pots, the substrate was first treated 
with the specific dose of crude oil and then, when neces-
sary, mixed with the relative biochar concentration. The oat 
seeds, provided by the Botanical Garden of the University 
of Siena (Italy), were first sterilized, following the proto-
col reported by Maresca et al. (2024), and then sown in the 
respective pots (7 seeds/pot). The pots were then stored in 
a climatic growth chamber with 60% RH, light intensity of 
300 μmol  m−2  s−1 PAR, a day/night cycle of 14/10 h, and a 
temperature of 24/16 °C. Pots were maintained at a water-
holding capacity of 70% to ensure constant moisture. At 
the end of the 2-week growth period, only the aboveground 
part of the oat plants was harvested, weighed, and stored at 
-20 °C for the subsequent biochemical analysis.

Malondialdehyde content

The content of malondialdehyde (MDA) was evaluated fol-
lowing the procedure reported by Lamaro et al. (2023). In 
brief, 0.5 g of frozen material was mixed with 5 mL of an 
extraction solution containing 0.25% (w/v) 2-thiobarbituric 
acid (TBA) (Merck KGaA, Darmstadt, Germany) dissolved 
in 10% (w/v) trichloroacetic acid (Panreac, Castellar del 
Vallès, Barcelona, Spain). The mixture was then heated at 
95 °C for 30 min in a thermoblock (FALC instrument, Ber-
gamo, Italy), and quickly cooled on ice to block the reaction. 
After centrifugation at 4,000 rpm for 10 min (PK110 centri-
fuge, Alc International S.r.l., Cologno Monzese, MI, Italy), 

Table 1  Physicochemical characteristics of biochar

Particle diameter (µm)  < 200
Total nitrogen (%)  < 0.4
Total potassium (mg  kg−1) 3020
Total phosphorus (mg  kg−1) 340
Total calcium (mg  kg−1) 9920
Total magnesium (mg  kg−1) 852
Total sodium (mg  kg−1) 291
Carbon in the carbonate (%)  < 0.1
Total carbon (%) 68.7
Water holding capacity (%) 23.5
Salinity (mS  cm−1) 110
pH 9.9
Hash content (%) 4.6
H/C 0.2

Table 2  Chemical characteristics of the Azeri Light crude oil

Methane (mg  kg−1) 0.00
Ethane (mg  kg−1) 0.02
Propane (mg  kg−1) 0.23
Isobutane (mg  kg−1) 0.26
n-Butane (mg  kg−1) 0.81
Isopentane (mg  kg−1) 0.86
n-Pentane (mg  kg−1) 1.1
Cyclopentane (mg  kg−1) 0.15
C6 paraffins (mg  kg−1) 2.2
C6 naphthenes (mg  kg−1) 1.3
Benzene (mg  kg−1) 0.22
Sulfur (mg  kg−1) 0.17
Vanadium (mg  kg−1)  < 2
Nickel (mg  kg−1) 3
Iron (mg  kg−1) 5
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the supernatant was collected and the absorbance measured 
at 532 nm and 600 nm using a UV–Vis spectrophotometer 
(Agilent 8453, Santa Clara, CA, USA). Calculations were 
performed by subtracting the absorbance at 600 nm and 
using an extinction coefficient of 155  mM−1  cm−1 for the 
MDA-TBA complex.

Proline content

The content of proline was evaluated following the proce-
dure reported by Azarnejad et al. (2024). In brief, 0.1 g of 
frozen material was mixed with 2 mL of 5-sulfosalicylic acid 

dihydrate (3%, w/v) (Merck KGaA, Darmstadt, Germany), 
and the resulting mixture was then centrifuged at 4,000 rpm 
for 10  min (PK110 centrifuge, Alc International S.r.l., 
Cologno Monzese, MI, Italy), and 0.5 mL of the superna-
tant was combined with 0.5 mL of glacial acetic acid (Merck 
KGaA, Darmstadt, Germany) and 0.5 mL of acid-ninhydrin 
reagent (1.25 g of ninhydrin (Carlo Erba, Milano, Italy) in 
30 mL of glacial acetic acid and 20 mL of 6 M phosphoric 
acid (Merck KGaA, Darmstadt, Germany)). After incubat-
ing the mixture for 1 h at 100 °C, they were cooled on ice 
to block the reaction. Finally, 1.5 mL of toluene was added 
to the sample. The absorbance of the clear supernatant was 
measured at 520 nm using a UV–Vis spectrophotometer 
(Agilent 8453, Santa Clara, CA, USA). A calibration curve 
was prepared using 1 mM L-proline (Merck KGaA, Darm-
stadt, Germany) as a stock solution, with concentrations 
ranging from 2 to 600 μL.

Total antioxidant power content

The total antioxidant power was evaluated following the 
procedure reported by Fedeli et al. (2024b). Frozen mate-
rials (0.5 g) were homogenized in 2 mL of 80% ethanol 
(Merck KGaA, Darmstadt, Germany) for 2 min and then 
centrifuged at 4,000 rpm for 5 min (PK110 centrifuge, 
Alc International S.r.l., Cologno Monzese, MI, Italy). 
From each sample, 200 μL of the resulting supernatant 
was mixed with 1 mL of 2,2-diphenyl-1-picrylhydrazyl 
(DPPH) solution (Merck KGaA, Darmstadt, Germany), 
prepared by dissolving 3.9 mg of DPPH in 100 mL of 80% 
methanol. Blank and control samples were also prepared 
by combining 200 μL of 80% ethanol with: 1 mL of 80% 

Fig. 1  Plant experimental 
growth scheme, showing dif-
ferent biochar (B) applications, 
different crude oil (CO) levels, 
and analysis done (created with 
Biorender.com)

Table 3  Physio-chemical characteristics of the substrate VigorPlant 
used in this study (Bianchi et al. 2024)

pH 5.30 ± 0.03
EC (mS  cm−1) 1.12 ± 0.01
CEC (meq 100  g−1 DW) 56.89 ± 2.67
Porosity (%) 92
Moisture content (%) 43
Ca (mg  kg−1 DW) 23,159 ± 296
Mg (mg  kg−1 DW) 2846 ± 22
Na (mg  kg−1 DW) 1379 ± 19
K (mg  kg−1 DW) 1198 ± 17
P (mg  kg−1 DW) 614 ± 14
S (mg  kg−1 DW) 1410 ± 141
Fe (mg  kg−1 DW) 1097 ± 10
Mn (mg  kg−1 DW) 31 ± 1
Cu (mg  kg−1 DW) 23 ± 1
Zn (mg  kg−1 DW) 38 ± 1
Mo (mg  kg−1 DW) 0.89 ± 0.01
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methanol (Merck KGaA, Darmstadt, Germany), and 1 mL 
of the DPPH solution, respectively. Following a 1 h incu-
bation period in darkness, the absorbance of the samples 
was measured at 517 nm using a UV–Vis spectrophotom-
eter (8453, Agilent, Santa Clara, CA, USA). The results 
were expressed as the percentage of antiradical activity 
(ARA), calculated using the following formula:

Statistical analysis

To test the effect of biochar and crude oil, a permutational 
analysis of variance (PERMANOVA) was performed. When 
the main test provided a p-value < 0.05, indicating differ-
ences between treatments, a pairwise permutation t-test was 
conducted as a post hoc analysis (p < 0.05). All statistical 
analyses were run with the R software (R Core Team 2024).

Results

The results of PERMANOVA (Table 4) showed signifi-
cant differences for all investigated parameters shoot fresh 
weight, MDA, proline, and ARA), for both factors (Biochar 
and Crude oil), and their interaction (Biochar × Crude oil).

Fresh weight

Biochar addition determined a significant increase in the 
fresh weight of oat plants at all concentrations of crude oil 
(CO) tested: 0% CO (5% B: + 31.66%; 10% B: + 47.08%), 
0.5% CO (10% B: + 48.36%), 1% CO (10% B: + 37.88%), 
2% CO (5% B: + 24.07%; 10% B: + 36.51%), 3% CO (5% 
B: + 45.75%; 10% B: + 58.59%), 6% CO (2.5% B: + 80.60%; 
5% B: + 71.42%; 10% B: + 102.59%) (Fig. 2).

ARA(%) =

(

1 −
sample absorbance

control absorbance

)

× 100

Malondialdehyde

As far as the content of MDA is concerned (Fig. 3), the 
addition of biochar determined a significant reduction in 
this parameter at CO concentrations > 2%: 2% CO (10% B: 
-24.34%), 3% CO (2.5% B:-26.95%; 5% B: -29.12%; 10% B: 
-26.16%), 6% CO (2.5% B: -36.76%; 5% B: -36.99%; 10% 
B: -37.58%).

Proline

The results for the content of proline (Fig. 4) were similar to 
those of MDA, with biochar addition determining a signifi-
cant reduction at CO concentrations > 2%: 2% CO (2.5% B: 
-41.34%; 5% B: -45.98%; 10% B: -40.80%), 3% CO (2.5% 
B: -52.84%; 5% B: -44.67%; 10% B: -37.21%), 6% CO (2.5% 
B: -40.32%; 5% B: -36.23%; 10% B: -33.66%).

Total antioxidant power

Biochar addition determined a significant increase in the 
total antioxidant power (Fig. 5) at CO concentrations > 1%: 
1% CO (10% B: + 13.49%), 2% CO (2.5%B: + 19.16%; 5% 
B: + 36.27%; 10% B: + 13.51), 3% CO (2.5% B: + 35.43%; 
5% B: + 89.96%; 10% B: + 91.66%), 6% CO (2.5% 
B: + 48.27%; 5% B: + 97.31%; 10% B: + 82.71%).

Discussion

Various methods have been suggested to address crude oil 
contamination, such as the introduction of surfactants and 
microbial processes (Liu et al. 2021; Huang et al. 2019). 
Recently, it was explored the potential of biochar as an envi-
ronmentally friendly solution for mitigating both diesel and 
gasoline-contaminated soils (Saeed et al. 2021; Fedeli et al. 
2023b). In both studies, the results were promising, since 
plants grown with biochar in contaminated soil showed an 
increase in both fresh weight and antioxidant compounds. 
Given the ability of biochar to reduce the uptake of both 

Table 4  Results of 
PERMANOVA on shoot fresh 
weight, malondialdehyde 
(MDA), proline, and total 
antioxidant power (ARA)

**  = p < 0.01; *** = p < 0.001

Source of variation Shoot fresh 
weight

MDA Proline ARA 

df R2 F R2 F R2 F R2 F

Biochar 3 0.37 63.67*** 0.20 13.78*** 0.23 20.30*** 0.14 58.45***

Crude oil 5 0.44 44.54*** 0.32 13.34*** 0.46 24.13*** 0.67 158.98***

Biochar × Crude oil 15 0.10 3.46*** 0.25 3.41** 0.12 2.11** 0.15 11.56***

Residuals 48 0.09 0.23 0.19 0.04
Total 71 1.00 1.00 1.00 1.00



 Environmental Science and Pollution Research

organic and inorganic pollutants by plants in polluted soils 
(Lu et al. 2015; Oliveira et al. 2017; Vannini et al. 2021), 
biochar is promising for effectively remediating soils con-
taminated with crude oil and fuels. However, there remains 
a notable gap in information regarding its application on the 
plant responses, since the topic remains unexplored.

Our results have demonstrated how the addition of bio-
char to soil contaminated with crude oil, is a potential 
strategy to mitigate the toxic effects of crude oil. Regard-
ing the fresh weight of the plants, which is an indicator of 
plant growth, the beneficial effects of biochar are evident 
even in the absence of crude oil (0%). Similar results were 

Fig. 2  Shoot fresh weight of oat leaves (mean ± standard error). 
The number along the horizontal axis indicates the concentration 
of crude oil (CO) added to the growing medium. B0 = without bio-
char; B2.5 = with 2.5% (w/w) biochar; B5 = with 5% (w/w) biochar; 

B10 = with 10% (w/w) biochar. Legend on the right shows significant 
differences, expressed as letters, following the permutation pairwise 
t-test; different letters indicate statistically significant (p < 0.05) dif-
ferences

Fig. 3  Malondialdehyde (MDA) content of oat leaves (mean ± stand-
ard error). The number along the horizontal axis indicates the 
concentration of crude oil (CO) added to the growing medium. 
B0 = without biochar; B2.5 = with 2.5% (w/w) biochar; B5 = with 5% 

(w/w) biochar; B10 = with 10% (w/w) biochar. Legend on the right 
shows significant differences, expressed as letters, following the per-
mutation pairwise t-test; different letters indicate statistically signifi-
cant (p < 0.05) differences
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found by Saeed et al. (2021) and Fedeli et al. (2023b) on 
maize (Zea mays L.) and oat plants, respectively, in the 
presence of soil contamination by petroleum derivatives. 
The positive effects of biochar are primarily attributed to 
its capacity to improve water retention, nutrient availabil-
ity, and soil structure (Hossai et al. 2020). Furthermore, its 
role in sequestering both hydrocarbons and heavy metals 

has been extensively studied (Qiu et al. 2022; Liang et al. 
2021; Li et al. 2021). Indeed, biochar has a porous struc-
ture that provides a large specific surface area and high 
absorption capacity (Hossai et al. 2020). This structure 
allows biochar to adsorb heavy metals and hydrocarbons 
present in the soil, thereby reducing their availability to 
plants. Once absorbed by biochar, these contaminants can 

Fig. 4  Proline content of oat leaves (mean ± standard error). The 
number along the horizontal axis indicates the concentration of 
crude oil (CO) added to the growing medium. B0 = without bio-
char; B2.5 = with 2.5% (w/w) biochar; B5 = with 5% (w/w) biochar; 

B10 = with 10% (w/w) biochar. Legend on the right shows significant 
differences, expressed as letters, following the permutation pairwise 
t-test; different letters indicate statistically significant (p < 0.05) dif-
ferences

Fig. 5  Antiradical activity (ARA) of oat leaves (mean ± standard 
error). The number along the horizontal axis indicates the concen-
tration of crude oil (CO) added to the growing medium. B0 = with-
out biochar; B2.5 = with 2.5% (w/w) biochar; B5 = with 5% (w/w) 

biochar; B10 = with 10% (w/w) biochar. Legend on the right shows 
significant differences, expressed as letters, following the permuta-
tion pairwise t-test; different letters indicate statistically significant 
(p < 0.05) differences
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become inactive and immobilized, preventing their spread 
in the soil and thereby minimizing damage to plants and 
soil organisms (Haider et al. 2022). Moreover, biochar can 
also promote soil microbial activity, including bacteria 
capable of degrading hydrocarbons (Zhang et al. 2019; 
Gorovtsov et al. 2020). The presence of biochar can cre-
ate a favorable environment for the growth and activity of 
these bacteria, thereby accelerating the process of hydro-
carbon biodegradation (Guo et al. 2022).

Biochar was crucial in reducing oxidative stress in oat 
plants. For both analyzed parameters, MDA and proline, 
a reduction to levels greater than 2% of crude oil was 
observed across nearly all levels of biochar tested. Under 
stress conditions, plant cells undergo damage to plasma 
membranes due to formation of reactive oxygen species 
(ROS) and breakdown of metabolic processes (Sharma 
et al. 2012). Malondialdehyde is known to be one of the 
main markers of oxidative damage to cell membrane 
lipids (Całyniuk et al. 2016). Its accumulation can ham-
per membrane functionality, affecting substance transport, 
ion balance, and the cell ability to maintain homeostasis 
(Morales and Munné-Bosch 2019). Similarly, proline is 
an osmotic stress protectant in response to environmental 
stress (Bashir et al. 2014). Under stress conditions, pro-
line plays an important role in stabilizing cell membrane 
and other cellular structures through the synthesis of ROS 
(Hossain et al. 2014). Our results are consistent with some 
studies in the literature, reporting that the addition of B is 
beneficial for plant growth in the presence of petroleum 
derivatives. However, unlike the only study available 
regarding this topic (to the best of our knowledge), our 
results have indeed shown a reduction in oxidative stress in 
plants, while Saeed et al. (2021), who evaluated the effect 
of adding 1% biochar to the soil on different levels of soil 
contamination with diesel (10% and 15%) on the growth of 
maize plants, reported an increase in oxidative stress to the 
leaves. These results highlight the possible implication of a 
dose-dependent response of biochar, as in our study, higher 
concentrations were tested, which resulted in a significant 
reduction in oxidative stress caused by crude oil.

Antioxidants also play a crucial role in the response to 
oxidative stress. They protect the cell from damage caused 
by cytotoxic  O2 and prevent its conversion to  H2O2 and 
 O− in all organelles (Blokhina et al. 2003). The total anti-
oxidant power assay can be used to estimate the overall pool 
of different antioxidants such as flavones, isoflavones, fla-
vonoids, anthocyanins, coumarins, lignans, catechins, and 
isocatechins (Aqil et al. 2006). A high level of antioxidants 
indicates the prevention of lipid peroxidation and, conse-
quently, oxidative stress damage to plants (Chakravarty 
and Deka 2021). Our findings are consistent with those of 
Saeed et al. (2021), who observed an increase in antioxidant 
compounds in maize leaves grown with 1% biochar amidst 

10% and 15% diesel contamination, and with those of Fedeli 
et al. (2023b), who observed an increase in total antioxidant 
power in oat leaves with 5% biochar amidst 6% and 10% 
gasoline contamination.

Conclusions

The use of biochar at concentrations > 2.5% proved to be 
highly advantageous for the remediation of soils contami-
nated by crude oil. Compared to traditional remediation 
techniques, which often require the use of expensive and 
potentially harmful chemical substances, biochar offers a 
more economical and environmentally friendly alterna-
tive. Specifically, the results suggest that biochar has a 
beneficial effect on the growth of oat plants, regardless of 
the concentration of crude oil tested. Additionally, regard-
ing the oxidative stress indicators such as malondialde-
hyde and proline content, biochar showed a noteworthy 
decrease, with statistical significance noted at concen-
trations of biochar greater than 2.5% and crude oil lev-
els > 2% (malondialdehyde: ranging from -25% to -38%; 
proline ranging from -33% to -52%). Moreover, adding 
biochar into the soil boosted the overall antioxidant capac-
ity, particularly evident at biochar concentrations higher 
than 2.5% and crude oil levels > 2% (ranging from + 20% 
to + 98%).

Acknowledgements Thanks are due to Prof. Ilaria Corsi for provid-
ing the crude oil, to Francesco Barbagli (BioDea and BioEsperia) for 
providing the biochar, and to the Botanical Garden of the University 
of Siena for providing oat seeds. The authors thanks the project funded 
under the National Recovery and Resilience Plan (NRRP), Mission 4 
Component 2 Investment 1.4—Call for tender No. 3138 of 16 Decem-
ber 2021, rectified by Decree n.3175 of 18 December 2021 of Italian 
Ministry of University and Research funded by the European Union 
– NextGenerationEU. Project code CN_00000033, Concession Decree 
No. 1034 of 17 June 2022 adopted by the Italian Ministry of Univer-
sity and Research, CUP B63C22000650007", Project title “National 
Biodiversity Future Center—NBFC”

Author contributions R.F., S.C., and S.L. conceived and designed the 
experiments; R.F. performed the experiments; R.F., and S.L. analyzed 
the data; R.F. wrote the manuscript; S.C., D.A., S.L. and E.F. revised 
the text. All authors have read and agreed to the published version of 
the manuscript.

Funding Open access funding provided by Università degli Studi di 
Siena within the CRUI-CARE Agreement.

Data availability Data is available on reasonable request from the cor-
responding author.

Declarations 

Ethical approval Not applicable.

Consent to participate Not applicable.



Environmental Science and Pollution Research 

Consent to publish Not applicable.

Competing interests The authors declare no conflict of interest.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Aprill W, Sims RC (1990) Evaluation of the use of prairie grasses for 
stimulating polycyclic aromatic hydrocarbon treatment in soil. 
Chemosphere 20(1–2):253–265

Aqil F, Ahmad I, Mehmood Z (2006) Antioxidant and free radical scav-
enging properties of twelve traditionally used Indian medicinal 
plants. Turk J Biol 30(3):177–183

Ashraf MA, Maah MJ, Yusoff I, Mehmood K (2010) Effects of polluted 
water irrigation on environment and health of people in Jamber, 
District Kasur, Pakistan. Int J Basic Appl Sci 10(3):37–57

Azarnejad N, Celletti S, Ghorbani M, Fedeli R, Loppi S (2024) Dose-
dependent effects of a corn starch-based bioplastic on basil (Oci-
mum basilicum L.): implications for growth, biochemical param-
eters, and nutrient content. Toxics 12(1):80

Bashir A, Hoffmann T, Kempf B, Xie X, Smits SH, Bremer E (2014) 
Plant-derived compatible solutes proline betaine and betonicine 
confer enhanced osmotic and temperature stress tolerance to 
Bacillus subtilis. Microbiology 160(10):2283–2294

Bianchi G, Fedeli R, Mariotti L, Pisuttu C, Nali C, Pellegrini E, Loppi 
S (2024) Foliar application of wood distillate protects basil plants 
against ozone damage by preserving membrane integrity and trig-
gering antioxidant mechanisms. Agronomy 14(6):1233

Blanco-Canqui H, Claassen MM, Presley DR (2013) Summer cover 
crops fix nitrogen, increase crop yield, and improve soil–crop 
relationships. Agron J 105(3):755–768

Blokhina O, Virolainen E, Fagerstedt KV (2003) Antioxidants, oxida-
tive damage and oxygen deprivation stress: a review. Ann Bot 
91(2):179–194

Buerstmayr H, Krenn N, Stephan U, Grausgruber H, Zechner E (2007) 
Agronomic performance and quality of oat (Avena sativa L.) 
genotypes of worldwide origin produced under central European 
growing conditions. Field Crops Res 101(3):343–351

Całyniuk B, Grochowska-Niedworok E, Walkiewicz KW, Kawecka S, 
Popiołek E, Fatyga E (2016) Malondialdehyde (MDA)–product of 
lipid peroxidation as marker of homeostasis disorders and aging. 
In: Annales Academiae Medicae Silesiensis. Śląski Uniwersytet 
Medyczny w Katowicach, Katowice, No. 70, pp 224–228

Celletti S, Fedeli R, Ghorbani M, Aseka JM, Loppi S (2023) Exploring 
sustainable alternatives: wood distillate alleviates the impact of 
bioplastic in basil plants. Sci Total Environ 900:166484

Chakravarty P, Deka H (2021) Enzymatic defense of Cyperus brevi-
folius in hydrocarbons stress environment and changes in soil 
properties. Sci Rep 11(1):718

Chen G, Yuan M, Ma B, Ren Y (2023) Responses of petroleum con-
tamination at different sites to soil physicochemical properties 
and indigenous microbial communities. Water Air Soil Pollut 
234(8):494

Chunyan X, Qaria MA, Qi X, Daochen Z (2023) The role of micro-
organisms in petroleum degradation: current development and 
prospects. Sci Total Environ 865:161112

Das S, Mohanty S, Sahu G, Rana M, Pilli K (2021) Biochar: a sustain-
able approach for improving soil health and environment. Soil 
erosion-current challenges and future perspectives in a changing 
world, vol 1. pp 5772. https:// doi. org/ 10. 5772/ intec hopen. 91595

Diatta AA, Fike JH, Battaglia ML, Galbraith JM, Baig MB (2020) 
Effects of biochar on soil fertility and crop productivity in arid 
regions: a review. Arab J Geosci 13:1–17

Dijoo ZK, Khurshid R (2022) Environmental degradation as a multi-
faceted consequence of human development. In: Environmental 
biotechnology. Apple Academic Press, pp 39–56. https:// doi. org/ 
10. 1201/ 97810 03277 279-2

Fedeli R, Alexandrov D, Celletti S, Nafikova E, Loppi S (2023) Biochar 
improves the performance of Avena sativa L. grown in gasoline-
polluted soils. Environ Sci Pollut Res 30(11):28791–28802

Fedeli R, Marotta L, Frattaruolo L, Panti A, Carullo G, Fusi F, Loppi 
S (2023) Nutritionally enriched tomatoes (Solanum lycopersicum 
L.) grown with wood distillate: chemical and biological charac-
terization for quality assessment. J Food Sci 88(12):5324–5338

Fedeli R, Vannini A, Djatouf N, Celletti S, Loppi S (2024a) Can lettuce 
plants grow in saline soils supplemented with biochar? Heliyon 
10(4):e2652

Fedeli R, Cruz C, Loppi S, Munzi S (2024b) Hormetic effect of wood 
distillate on hydroponically grown lettuce. Plants 13(3):447

Gorovtsov AV, Minkina TM, Mandzhieva SS, Perelomov LV, Soja 
G, Zamulina IV, Yao J (2020) The mechanisms of biochar inter-
actions with microorganisms in soil. Environ Geochem Health 
42:2495–2518

Grewal A, Abbey L, Gunupuru LR (2018) Production, prospects and 
potential application of pyroligneous acid in agriculture. J Anal 
Appl Pyrol 135:152–159

Guo S, Liu X, Tang J (2022) Enhanced degradation of petroleum 
hydrocarbons by immobilizing multiple bacteria on wheat bran 
biochar and its effect on greenhouse gas emission in saline-alkali 
soil. Chemosphere 286:131663

Hagemann N, Spokas K, Schmidt HP, Kägi R, Böhler M, Bucheli TD 
(2018) Activated carbon, biochar and charcoal: linkages and syn-
ergies across pyrogenic carbon’s ABC s. Water 10(2):182

Haider FU, Wang X, Zulfiqar U, Farooq M, Hussain S, Mehmood T, 
Mustafa A (2022) Biochar application for remediation of organic 
toxic pollutants in contaminated soils; an update. Ecotoxicol Envi-
ron Saf 248:114322

Hossai MZ, Bahar MM, Sarkar B, Donne SW, Ok YS, Palansooriya 
KN, Bolan N (2020) Biochar and its importance on nutrient 
dynamics in soil and plant. Biochar 2:379–420

Hossain MA, Hoque MA, Burritt DJ, Fujita M (2014) Proline protects 
plants against abiotic oxidative stress: biochemical and molecular 
mechanisms. In: Oxidative damage to plants. Academic Press, pp 
477–522. https:// doi. org/ 10. 1016/ B978-0- 12- 799963- 0. 00016-2

Huang Y, Pan H, Wang Q, Ge Y, Liu W, Christie P (2019) Enrich-
ment of the soil microbial community in the bioremediation of a 
petroleum-contaminated soil amended with rice straw or sawdust. 
Chemosphere 224:265–271

Ilyas N, Shoukat U, Saeed M, Akhtar N, Yasmin H, Khan W, Iqbal S 
(2021) Comparison of plant growth and remediation potential of 
pyrochar and thermal desorption for crude oil-contaminated soils. 
Sci Rep 11(1):2817

Kapoor A, Sharma R, Kumar A, Sepehya S (2022) Biochar as a means 
to improve soil fertility and crop productivity: a review. J Plant 
Nutr 45(15):2380–2388

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.5772/intechopen.91595
https://doi.org/10.1201/9781003277279-2
https://doi.org/10.1201/9781003277279-2
https://doi.org/10.1016/B978-0-12-799963-0.00016-2


 Environmental Science and Pollution Research

Khan MU, Ahring B, Garcia-Perez T, Garcia-Perez M (2020) Valoriza-
tion of municipal solid waste in biorefineries for the creation of 
a circular economy: role of emerging technologies. In: Current 
developments in biotechnology and bioengineering. Elsevier, pp 
323–347. https:// doi. org/ 10. 1016/ B978-0- 444- 64309-4. 00014-3

Kwapinski W, Byrne CM, Kryachko E, Wolfram P, Adley C, Leahy 
JJ, Hayes MH (2010) Biochar from biomass and waste. Waste 
Biomass Valor 1:177–189

Laird DA, Fleming P, Davis DD, Horton R, Wang B, Karlen DL (2010) 
Impact of biochar amendments on the quality of a typical Mid-
western agricultural soil. Geoderma 158(3–4):443–449

Lamaro GP, Tsehaye Y, Girma A, Vannini A, Fedeli R, Loppi S (2023) 
Evaluation of yield and nutraceutical traits of orange-fleshed 
sweet potato storage roots in two agro-climatic zones of northern 
Ethiopia. Plants 12(6):1319

Leff B, Ramankutty N, Foley JA (2004) Geographic distribution of 
major crops across the world. Glob Biogeochem Cycles 18(1). 
https:// doi. org/ 10. 1029/ 2003G B0021 08

Li Y, Yu H, Liu L, Yu H (2021) Application of co-pyrolysis biochar 
for the adsorption and immobilization of heavy metals in con-
taminated environmental substrates. J Hazard Mater 420:126655

Liang L, Xi F, Tan W, Meng X, Hu B, Wang X (2021) Review of 
organic and inorganic pollutants removal by biochar and biochar-
based composites. Biochar 3:255–281

Lim MW, Von Lau E, Poh PE (2016) A comprehensive guide of reme-
diation technologies for oil contaminated soil—present works and 
future directions. Mar Pollut Bull 109(1):14–45

Liste HH, Prutz I (2006) Plant performance, dioxygenase-expressing 
rhizosphere bacteria, and biodegradation of 2,4-dichlorophenol 
in a vegetation mat system. Environ Sci Pollut Res 13(1):22–27

Liu Z, Tang YM, Chau KY, Chien F, Iqbal W, Sadiq M (2021) Incor-
porating strategic petroleum reserve and welfare losses: a way 
forward for the policy development of crude oil resources in South 
Asia. Resour Policy 74:102309

Lovindeer R, Mynott S, Porobic J, Fulton EA, Hook SE, Pethybridge H, 
Melbourne-Thomas J (2023) Ecosystem-level impacts of oil spills: 
a review of available data with confidence metrics for application 
to ecosystem models. Environ Model Assess 28(6):939–960

Lu H, Li Z, Fu S, Méndez A, Gasco G, Paz-Ferreiro J (2015) Com-
bining phytoextraction and biochar addition improves soil bio-
chemical properties in a soil contaminated with Cd. Chemosphere 
119:209–216

Macaulay BM, Rees D (2014) Bioremediation of oil spills: a review 
of challenges for research advancement. Ann Environ Sci 8:9–37

Maresca V, Fedeli R, Vannini A, Munzi S, Corrêa A, Cruz C, Loppi 
S (2024) Wood distillate enhances seed germination of chickpea, 
lettuce, and basil. Appl Sci 14(2):631

Morales M, Munné-Bosch S (2019) Malondialdehyde: facts and arti-
facts. Plant Physiol 180(3):1246–1250

Oliveira FR, Patel AK, Jaisi DP, Adhikari S, Lu H, Khanal SK (2017) 
Environmental application of biochar: current status and perspec-
tives. Biores Technol 246:110–122

Polyak YM, Bakina LG, Mayachkina NV, Chugunova MV, Bityutskii 
NP, Yakkonen KL, Shavarda AL (2024) Long-term effects of oil 

contamination on soil quality and metabolic function. Environ 
Geochem Health 46(1):1–22

Pradhan A, Baredar P, Kumar A (2015) Syngas as an alternative fuel 
used in internal combustion engines: a review. J Pure Appl Sci 
Technol 5(2):51–66

Qiu M, Liu L, Ling Q, Cai Y, Yu S, Wang S, Wang X (2022) Biochar 
for the removal of contaminants from soil and water: a review. 
Biochar 4(1):19

R Core Team (2024) R: a language and environment for statistical 
computing. R Foundation for Statistical Computing, Vienna, 
Austria. Available online: https:// www.R- proje ct. org/. Accessed 
12 Apr 2024

Rascio N, Navari-Izzo F (2011) Heavy metal hyperaccumulating 
plants: how and why do they do it? And what makes them so 
interesting? Plant Sci 180(2):169–181

Sachdeva S, Kumar R, Sahoo PK, Nadda AK (2023) Recent advances 
in biochar amendments for immobilization of heavy metals in 
an agricultural ecosystem: a systematic review. Environ Pollut 
319:120937

Saeed M, Ilyas N, Jayachandran K, Gaffar S, Arshad M, Ahmad MS, 
Hessini K (2021) Biostimulation potential of biochar for remediat-
ing the crude oil contaminated soil and plant growth. Saudi J Biol 
Sci 28(5):2667–2676

Sharma P, Jha AB, Dubey RS, Pessarakli M (2012) Reactive oxygen 
species, oxidative damage, and antioxidative defense mechanism 
in plants under stressful conditions. J Bot 2012. https:// doi. org/ 
10. 1155/ 2012/ 217037

Stevens EJ, Armstrong KW, Bezar HJ, Griffin WB, Hampton JG (2004) 
Fodder oats an overview. Fodder Oats World Overview 33:11–18

urRehman Z, Junaid MF, Ijaz N, Khalid U, Ijaz Z (2023) Remediation 
methods of heavy metal contaminated soils from environmental 
and geotechnical standpoints. Sci Total Environ 867:161468

Vannini A, Bianchi E, Avi D, Damaggio N, Di Lella LA, Nannoni F, 
Loppi S (2021) Biochar amendment reduces the availability of Pb 
in the soil and its uptake in lettuce. Toxics 9(10):268

Whitworth KW, Marshall AK, Symanski E (2017) Maternal residen-
tial proximity to unconventional gas development and perinatal 
outcomes among a diverse urban population in Texas. PLoS 
ONE 12(7):e0180966

Woolf D, Amonette JE, Street-Perrott FA, Lehmann J, Joseph S (2010) 
Sustainable biochar to mitigate global climate change. Nat Com-
mun 1(1):56

Zhang B, Zhang L, Zhang X (2019) Bioremediation of petroleum 
hydrocarbon-contaminated soil by petroleum-degrading bacteria 
immobilized on biochar. RSC Adv 9(60):35304–35311

Zhou Q, Wang M, Wu Q, Zhang Y, Chen L (2014) Salinity tolerance 
of oats (Avena sativa L.) during germination and at early seedling 
stage. Environ Exp Bot 99:37–42

Publisher's Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1016/B978-0-444-64309-4.00014-3
https://doi.org/10.1029/2003GB002108
https://www.R-project.org/
https://doi.org/10.1155/2012/217037
https://doi.org/10.1155/2012/217037

	Biochar-mediated bioremediation: a sustainable strategy to increase Avena sativa L. tolerance to crude oil soil contamination
	Abstract
	Introduction
	Material and methods
	Biochar
	Crude oil
	Experimental design and plant growing conditions
	Malondialdehyde content
	Proline content
	Total antioxidant power content
	Statistical analysis

	Results
	Fresh weight
	Malondialdehyde
	Proline
	Total antioxidant power

	Discussion
	Conclusions
	Acknowledgements 
	References


