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Abstract

The increasing number of heavy metal pollutants in agricultural soil poses a
significant threat to the safety of food and the sustainability of land management,
specifically in Europe and Asia. The practice of intensive agriculture has led to a
higher probability of soil degradation. Heavy metals like lead, cadmium, and zinc
can be stored in the soil, this adversely affects the health of crops and ultimately
reaches the food chain, putting a threat to human health. In this context, biochar
has become popular due to its high capacity to adsorb toxins, this enables the
immobilization of these toxic metals. This investigation explores the role of
biochar in alleviating the pollution of heavy metals across diverse agricultural
landscapes in Italy, Poland, Norway, Germany, and Belgium, utilizing lattice
models to explain the interactions between biochar and heavy metals. The
investigation aims to understand the different levels of efficiency of biochar in
different soil types, which are affected by factors like the pH of the soil and its
organic content, it also highlights the necessity of region-specific strategies in
order to maximize the efficiency of biochar. Through case studies of various
European agricultural methods, this paper provides empirical evidence of the
effectiveness of biochar, specific to the soil restoration efforts of specific
individuals. Additionally, practical advice is provided regarding the best way to
utilize biochar in agriculture, the purpose of these practices is to supplcl)gt
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sustainable farming and enhance safety of food. Ultimately, this research
contributes to the larger conversation about innovative solutions to soil
remediation and the sustainable management of polluted agricultural land,
advocating for the incorporation of biochar into conventional soil management
methods.

Keywords: Heavy metal pollutants, Agriculture soil, Biochar

Introduction

In Europe and Asia, where the land is already under immense pressure, the
growing pollution of farming soils by heavy metals poses a major threat to food
security and the sustainable use of the land. Especially when it is in combination
with the wide incorporation of intensive farming, soil degradation tends to
increase and enhances a more frequent presence of toxic heavy metals such as
lead, cadmium, and zinc. These pollutants hamper the health and productivity of
crops and also enter the food chain to create chronic toxicity to humans. It is
now, therefore, one of the most critical challenges for long-term sustainability of
agricultural systems and public health protection (Zaib et al., 2023a).

It is only recently that biochar has been considered as an effective remedy in the
detoxification of heavy metals in soils. The effectiveness of biochar in adsorption
and immobilization of porous structures due to high surface area of toxic metals,
thus crops do not take them up. Those heavy metals are bioavailable due to this
immobilization, decreasing the amount of heavy metals in the soil. Therefore,
biochar is expected to be an option to remediate soil for agricultural purposes.
Studies throughout Europe & Asia in different areas show promise for biochar
usage in enhancing soil quality and sustainability of agricultural practices
(Zeeshan et al., 2023a).

These are some of the case studies done in Italy, Poland, Norway, Germany, and
Belgium where biochar has been applied to agricultural soils for the attenuation
of heavy metal pollution. The work reviews how effective biochar is in various
types of soils considering some important factors that influence the capacity of
biochar to stabilize different pH levels, and the amount of organic content in the
soils. This case study will therefore indicate some of the region-specific
approaches that can be used to optimize the benefits that come from the
application of biochar in soil remediation, an area vital in achieving most of the
objectives of sustainable land management and food safety in heavily polluted
agricultural landscapes.

Biochar Role in Immobilizing Heavy Metals

In fact, it has been realized that biochar has capacity for heavy metals adsorption
due to a large number of parameters in its production process and structural
properties of biochar. For example, the organic matter structure, polar functional
groups, and ash content, under the conventional preparation temperatures are
crucial in determining the heavy metal sorption capacities of biochar. Also,
markedly improved abilities to adsorb by biochar through different means, for
example, radionuclides were obtained after modification with hydrogen
peroxide. For example, the work of Gao et al. (2020) stated that the sorption
capacity of H202-modified rape straw biochars for Pb was three times that for
the unmodified material. It supported the statement from the work done by

Wang et al. (2018) which revealed that gBio-Pb-III achieved a mean improved
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sorption capacity for the uptake of Pb when compared to previously reported
data a value of 10.6 g Pb/kg compared to the previously established value 2.92
g/kg. A further advantage of these modifications is that they broaden the ranges
of pH and ionic strength under which biochar can be used in practice. Research
by Zaib et al. (2023b) showed that the thiol-modified pine sawdust biochar
greatly sorbed mercury and methylmercury from aqueous solutions, especially
when prepared at lower temperatures. In this regard, the material and
modifications will continue to be singled out as best suited for specific heavy
metal sorption with improved potential for environmental remediation. Apart
from modifying the sorption capacities for heavy metals in agricultural soils, the
application of biochar also significantly transforms the bioavailability and uptake
of these metals by different plants. In both alkaline and acidic pH conditions,
garden waste biochar and mulberry biochar reduced the soil phytoavailable levels
of Cd and Pb. This reduction in toxic metal availability bears a direct impact to
the health and yield of crops. The biochar additions resulted in an increase in
essential soil nutrients such as N and P, important for the growth and
development of plants. Additionally, biochar’s presence in the soil raises the soil
pH level, the major criterion in strengthening the adaptation of plants towards
toxic metal contamination; this primarily happens in acidic soils. It means that
the metal uptake by plants mostly depends on the interaction of biochar with soil
properties in addition to pH and nutrient status. Alteration of soil environment
by biochar amendments thus reduces not only the uptake of toxic metals by
plants but also such practices increase the general soil health and its
productivity. This mutual interaction between soil chemistry and the
physiological response of plants attests to the diverse advantages resulting from
the amendment of biochar in the management of heavy metal pollution in
agricultural soils (Zaib et al., 2023c).

Mechanisms enable biochar to immobilize heavy metals

The immobilization mechanisms of heavy metal by biochar are multifold and
much influenced by metal or metal oxide modifications. Enhancements in the
sorption capacity of biochar brought about by such modifications lead to effective
immobilization of heavy metals like Cd and Pb under different soil conditions.
Increased sorption capacity results from better ion exchange properties and the
introduction of nitrogenous functional groups that ease the absorption of heavy
metals. Modification can be done in different ways; for example, the mixing of
elements of metals or metal oxides with raw material before pyrolysis or
immersing pre-made biochar into metal ions or metal oxides (Zaib et al., 2023d;
Zeeshan et al., 2023b). These changes give biochar quite different
physicochemical properties from those of a material that is responsible for
photocatalytic and oxidation/reduction reactions (Zeeshan et al., 2023c). It could
improve further the immobilization process. This resulted in an increased surface
area and abundant functional groups, providing numerous binding sites for
heavy metal ions. For example, the combined use of biochar with phosphate-
solubilizing bacteria (PSB) showed a marked increase in stable mineral phase
formation over the surface of biochar, thereby assisting immobilization of heavy
metals (Zeeshan et al., 2023d). Furthermore, biochar added to soil enhanced soil
enzyme activity, which again helps in the immobilization of heavy metals in

contaminated soils. Therefore, the work with changing biochar structure and its
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interaction with soil constituents underlines it as a promising technique of heavy
metal remediation in diverse environmental conditions (Zaib et al., 2023e).

Regional Variations in Biochar Effectiveness

Differential effects of biochar on heavy metal immobilization are applied into soil
because soil types have very direct interactions with what biochar is. For
example, high moisture content in the soils will facilitate better interactions
between biochar and heavy metals because most of these interactions are within
the soil solution phase (Zeeshan et al., 2023e). This has pronounced effects in
most cases of acidic soils that usually coarse texture and low in organic matter
where biochar would express much of its effects on stabilization of cationic heavy
metals. Soil pH plays a fundamental role; the higher the pH values, the higher
cation exchange capacity (CEC), and ash content inside biochar, the more it will
stabilize heavy metals. All of them enhance the general efficiency of stabilization
attained by biochar in diverse classes of soil (Zaib et al., 2023f). Nevertheless, the
long-term efficacy of biochar amendments can reduce, implying that the soil
condition needs regular monitoring and other management practices to maintain
high levels of heavy metal immobilization (Zeeshan et al., 2023g). Thus, an
insight into the interaction between soil type and biochar characteristics is
paramount for the enhanced immobilization of heavy metals with concomitant
sustainable soil health (Zeeshan et al., 2023h; Zaib et al., 2023g).

The efficiency of biochar in improving soil organic carbon (SOC) is diverse with
several organics and soil textures (Zeeshan et al., 2023i; Zaib et al., 2023h).
Variability also is reported to occur with feedstock used in the production of
biochar in their efficiencies of sequestering SOC, where plant and wood-based
biochars usually are better than those from animal excreta. This has been
attributed to their higher C/N ratios, which were much higher for plant and
wood-based biochars than animal excreta biochar and that positively affects SOC
(Zaib et al., 2023i). Besides, in some cases, applications with organic fertilizers
can also increase SOC levels, further showing the synergistic effects of combining
biochar with other organic amendments (Zeeshan et al., 2024a). Soil texture also
played an important role, with medium to fine grain textures proving to
selectively accumulate more SOC following the application of biochar than the
coarser textured, demonstrating probably that finer textured soils give better
physical protection and stability to SOC (Zaib et al., 2023j). The above
interaction between the organic content of biochar, the type of feedstock, and soil
texture clearly stresses that, to maximize SOC sequestration and any other
potential effects on soils, all biochar applications should be tailored based on
specific soil characteristics (Zaib et al., 2023k).

Case Studies from European Agricultural Practices

The interactions between treatments with biochar and Italian and Polish soils to
alter dynamics of organic carbon and other soil properties are testament to the
intricate relations among biochar treatment levels and soil attributes. At the end
of the day, mean values of Corg increased after biochar application, yet the
specific dynamics during the 2017-2018 vegetation period differed from
treatment to treatment. Especially, for the treatments B1oNo and B20oNo, the
Corg showed a clear trend to decrease with time during these vegetation seasons.

Such disparate results mean that although biochar might have the potential to
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improve carbon levels in the soil, how much and for how long a period this
benefit may be accrued could depend on the very particular rates of biochar
application and on the presence of nitrogen fertilization. From the results
obtained, it means that there is the greatest increase in Corg in treatment B20N1
compared to that in control treatment BoN1 (Zaib et al.,, 2023l). This re-
emphasizes the role of high biochar application, especially combined with
nitrogen fertilization, in the enhancement of total soil carbon. Apart from total
soil carbon, the effects that biochar imposed on soil fertility and physical
properties were immense, such as better soil water holding capacity and reduced
soil bulk density, which both have impacts on drought resilience and plant
growth. The sustainability of these benefits in the long run forms an interesting
area of further research with caution that the benefits might start reducing over
time. In the whole, though promising in terms of improved soil properties and
carbon sequestration, biochar application has to be handled with special
attention to rates of application, supplementations with nitrogen, and their long-
term effects to maximize its agricultural benefits (Zaib et al., 2023m).

The particular outcomes that can be observed in Belgium’s agricultural soils
resolutely express a blend of good and bad environmental aspects (Zaib, 2024a).
Among these outcomes is one of the most essential: the absence of a real loss of
soil or maintenance of soil mass as an essential indicator of ecosystem integrity.
Basically, these outcomes have been reported due to noninversion tillage
practices being very extensively applied in Belgium agriculture, which improves
soil management relative to the more traditional approaches. These fit in with
the outcomes of several meta-analyses that situate agricultural practices as those
practices having a direct impact on soil structure amid the very diversified agro-
environmental conditions of Europe. This, however, does not turn into adequate
positive results, as the actions of the policy measures against soil erosion
generally remain rather inconsistent and underestimated by policymakers
concerning the potential these agronomic techniques have. This causes a much
more coherent policy proposal for optimum generalization and effectiveness of
soil conservation practices across Belgium (Zaib et al., 2023n).

Practical Insights for Biochar Application

The interactions between treatments with biochar and Italian and Polish soils to
alter dynamics of organic carbon and other soil properties are testament to the
intricate relations among biochar treatment levels and soil attributes. At the end
of the day, mean values of Corg increased after biochar application, yet the
specific dynamics during the 2017-2018 vegetation period differed from
treatment to treatment. Especially, for the treatments B1oNo and B20No, the
Corg showed a clear trend to decrease with time during these vegetation seasons
(Afzal et al., 2023). Such disparate results mean that although biochar might
have the potential to improve carbon levels in the soil, how much and for how
long a period this benefit may be accrued could depend on the very particular
rates of biochar application and on the presence of nitrogen fertilization (Zaib,
2024b). From the results obtained, it means that there is the greatest increase in
Corg in treatment B20N1 compared to that in control treatment BoN1 (Zaib et
al., 20230). This re-emphasizes the role of high biochar application, especially
combined with nitrogen fertilization, in the enhancement of total soil carbon

(Zaib et al., 2024a). Apart from total soil carbon, the effects that biochar imposed
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on soil fertility and physical properties were immense, such as better soil water
holding capacity and reduced soil bulk density, which both have impacts on
drought resilience and plant growth [38]. The sustainability of these benefits in
the long run forms an interesting area of further research with caution that the
benefits might start reducing over time (Ge et al., 2024). In the whole, though
promising in terms of improved soil properties and carbon sequestration,
biochar application has to be handled with special attention to rates of
application, supplementations with nitrogen, and their long-term effects to
maximize its agricultural benefits (Zaib et al., 2023p).

In Norway and Germany, both countries have extensively assessed biochar for its
effectiveness in soil remediation. However, results are highly variable between
specific environmental conditions and biochar origin (Aslam et al., 2023).
Indeed, wheat straw biochar from Norway proved promising regarding
reductions in contamination of soils as well as improving soil fertility (Zubair et
al., 2024a). Correspondingly, in Germany, the efficiency of carbon sequestration
and its retention by kiln-type biochar, like that from Carbon Terra, was very high,
which means soil remediation and climate change can be tackled with one stone.
Such comparative studies across the countries reiterate the necessity of local
adaptation of biochar types and methods of its application to soil conditions and
agricultural practices (Bayar et al., 2024). Such site-specific technologies are
indeed needed, as technological application effectiveness for the creation of
biochar in the case of Germany and Norway is several times higher, where
developed technology for biochar production from kilns addressed specific soil
contamination problems much better (Iftikhar et al., 2023). The next task of the
scientific community is to optimize these place-specific technologies to enhance
the efficiency of biochar for soil remediation while designing biochar application
methodologies that will also enhance sustainable agricultural practices and
environmental health (Zaib et al., 2023r).

The particular outcomes that can be observed in Belgium agricultural soils
resolutely express a blend of good and bad environmental aspects. Among these
outcomes is one of the most essential: the absence of a real loss of soil or
maintenance of soil mass as an essential indicator of ecosystem integrity (Zubair
et al., 2024b). Basically, these outcomes have been reported due to noninversion
tillage practices being very extensively applied in Belgium agriculture, which
improves soil management relative to the more traditional approaches (Zeeshan
et al.,, 2024b). These fit in with the outcomes of several meta-analyses that
situate agricultural practices as those practices having a direct impact on soil
structure amid the very diversified agro-environmental conditions of Europ.
This, however, does not turn into adequate positive results, as the actions of the
policy measures against soil erosion generally remain rather inconsistent and
underestimated by policymakers concerning the potential these agronomic
techniques have. This causes a much more coherent policy proposal for optimum
generalization and effectiveness of soil conservation practices across Belgium
(Zeeshan et al., 2024c).

Lattice Models in Biochar Research
Lattice models have emerged as vital instruments for comprehending the
intricate interactions between biochar and heavy metals, providing microscale

simulations that illustrate how the adsorption efficiency of biochar is influenced
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by its physical characteristics and production conditions (Zeeshan et al., 2024d).
These models enable researchers to investigate the crystal lattice structure of
biochar, pinpointing interaction sites and mechanisms, including the stretching
behavior of the graphite lattice, which is crucial for the immobilization of heavy
metals. Findings from experiments utilizing ternary and quaternary solutions
further clarify the complex dynamics present within the biochar lattice, revealing
how structural modifications can enhance its adsorption capabilities (Zeeshan et
al., 2024e). Furthermore, the examination of biochar’s molecular structure,
including its polyaromatic layers and lattice fringes, through methodologies such
as Electron Spin Resonance (ESR), yields essential insights regarding its
reactivity and stability. Mesoscale modeling, particularly through the Lattice
Discrete Particle Model, has uncovered the impact of structural damage on the
functionality of biochar, while enhancements made with functional agents, such
as magnetic precursors and alkalis, have markedly increased its adsorption
capacity (Zaib & Adnan, 2024). Additionally, the role of biochar in soil
remediation is closely associated with its physicochemical properties, which can
be improved through modifications such as the addition of magnesium or
activation techniques involving metallic potassium (Shaukat et al., 2023). The
enhancements made to biochar not only enhance its capacity to immobilize
heavy metals but also facilitate improvements in soil health, including
heightened fertility and diminished pollution levels. The study underscores the
necessity for additional investigation into the long-term effects of biochar on soil
ecosystems, particularly concentrating on the development of biochar-based
nanocomposites and the optimization of application rates across various
agricultural practices (Zaib et al., 2024b).
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