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INTRODUCTION

War-conflict zones pose a serious ecological 
risk for soil, air, water and human health through 
military actions resulting in various environmen-
tal impacts. Explosions of aerial bombs, missile 
strikes, burning and destruction of military and 
special equipment as well as accumulation of tox-
ic waste derived from ammunition cause severe 
chemical contamination, mechanical and physical 

disruption of soil and biodiversity losses. Soils af-
ter military actions are characterized by mechan-
ical degradation including disturbance of the soil 
profile, mixing of soil horizons (Melnychenko, 
2024), changes in mechanical structure and granu-
lometric content with predominance of sand frac-
tion and decrease of clay fraction (Solokha et al., 
2024). However, our studies of soil samples from 
a deep crater after a guided aerial bomb explosion 
revealed that due to the mixing of soil layers, the 
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clay fraction forms a “clay lock” that prevents wa-
ter seepage deep into the arable layer. Moreover, 
movement of heavy machinery with following 
spills of fuels and lubricant materials has negative 
effects on physical, chemical and biological prop-
erties of soil. Fuel spills on soil surface cause soil 
compaction (Bonchkovskyi et al., 2025), porosity 
decrease, reduction of aeration and water-holding 
capacity (Melnychenko, 2024), changes of soil pH 
and organic matter, nutrient availability reduction 
(Biyashev et al., 2024). 

Chemical contamination of soil after military 
actions is multispectral due to entering potential-
ly toxic elements (PTEs), energetic compounds 
(ECs, explosive organic substances), chemical 
warfare agents (CWAs) and military chemical 
compounds (MCCs) (Fernandez-Lopez et al., 
2022). The most frequently and simply analysed 
in soil samples in combat zones after explosions 
are PTEs such as heavy metals (HMs) and petro-
leum hydrocarbons (PHs), and ECs like explosive 
residues. Soil contamination with HMs and radi-
onuclides after explosions and in zones of burned 
and destroyed military equipment poses ecologi-
cal risk due to high concentrations of lead, cad-
mium, copper, chrome, nickel and zinc exceeding 
maximum permissible level by 3–6 times, some-
times up to 25 times (Petrushka et al., 2024).

2,4,6-trinitrotoluene (TNT), hexahy-
dro-1,3,5-trinitro-1,3,5-triazine or royal demolition 
eXplosive (RDX) and octahydro-1,3,5,7-tetrani-
tro-1,3,5,7-tetrazocine or high melting explosive 
(HMX) are the most common explosives that be-
long to nitroaromatics (TNT) and cyclic nitramines 
(RDX and HMX). Concentrations of explosives 
can vary and reach huge levels in military-impact-
ed soils as reported for such sites in USA, Canada 
and Korea (Broomandi et al., 2020). Soil pollution 
with organic and inorganic toxic compounds lead 
to changes of the ecosystem and biocenosis struc-
ture emphasizing significant increase in the quanti-
ties of micromycetes, pedotrophs, and oligotrophs 
(Solokha et al., 2024). Moreover, high levels of 
PTEs and ECs in soil negatively impact on bio-
logical properties of soils causing inhibition of soil 
microbial biomass and activity, decreases of soil 
microbiota biodiversity and enzymatic activities, 
particularly urease and dehydrogenase enzymes 
(Rodríguez-Seijo et al., 2024).

Land reclamation and soil remediation in the 
combat zones require precise cleaning-up tech-
niques and methods providing restoration effect 
on mechanical, chemical and biological properties 

of soils (Kuzomenska et al., 2025). One of such 
approaches is biochar application due to its mul-
tivariate characteristics through modification into 
active bioformulation (Sharma et al., 2023) and 
possibility for integration into comprehensive land 
reclamation scheme. Biochar contains a high car-
bon content, alkaline medium reaction and a devel-
oped porous structure, which ensures the achieve-
ment of several positive effects in restoring fertil-
ity and cleaning the soil: reclamation, loosening, 
gradual restoration of humus reserves, sorption, 
immobilization and biodegradation of pollutants 
(Siddiqui, 2025). Biochar is effective in adsorption 
and chemical conversion for several groups of con-
taminants including explosives (Dong et al., 2024), 
HMs (Mehmood et al., 2018), and polycyclic ar-
omatic hydrocarbons (T.-B. Nguyen et al., 2023).

It should be noted that biochar can be pro-
duced from wood biomass as well as agricultural 
residues, including digestate as by-product of an-
aerobic digestion process, that seems as effective 
management strategy for digestate to improve its 
quality as soil amendment. However, according 
to the International Biochar Initiative (IBI) guide-
lines, biochar obtained from processed feedstock 
like digestate should meet requirements associat-
ed with additional risks from the potential pres-
ence of toxicants in the feedstock and meet the 
toxicant assessment, including germination inhi-
bition assay, content of some organic pollutants 
and HMs (Biochar Standards, 2026). 

Depending on the type of contaminants mech-
anisms for their transformation on biochar can 
be different and specific modification of biochar 
could be required. Moreover, understanding tar-
get factors affected on biochar structure, content 
and properties allows us to manage the efficiency 
of chemicals degradations in the soil while bio-
char is applied as remediation approach. There-
fore, the issue of researching the prospects for 
the use of biochar in soil protection technologies 
after military actions and establishing the mecha-
nisms and patterns of the influence of biochar on 
the remediation process on the co-contaminated 
soil is relevant today.

The main aim of this paper is to establish syn-
ergistic patterns for the restoration and purifica-
tion of co-contaminated soils using biochar.

To achieve the aim, the following research 
tasks were set:
1)	identify target factors and biochar parameters 

influencing heavy metals and explosives deg-
radation based on the literature review;
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2)	analyze characteristics of biochars derived from 
different biomass sources (including digestate); 

3)	identify effective biochar production strategies 
for the remediation of soils co-contaminated 
with heavy metals and explosive compounds 
by evaluating biochar properties, elucidating 
key remediation mechanisms, and determining 
optimal pyrolysis conditions.

BACKGROUND

Target factors influencing biochar structure 
and properties

Biochar is a carbon-rich solid product of 
pyrolysis that is thermo-chemical rection of 
heating under anoxic conditions. Besides bi-
ochar volatile substances such as bio-oil and 
syngas are produced during pyrolysis from or-
ganic feedstock of different genesis. The most 
common substrates for biochar production are 
biomass like wood and agricultural residues. 
The proportion of lignin, cellulose and hemi-
cellulose in the feedstock defines the amount of 
the produced biochar and its surface properties 
(Mukherjee et al., 2022). Using substrates rich 
in lignin and cellulose increases the amount of 
biochar, while hemicellulose substrates improve 
its porous structure (total pore volume, porosity 
and pore size) and increase specific surface area 
(Bruun et al., 2012). Biochar has an alkaline pH 
(pH 6–12), due to oxygen-containing groups and 
inorganic minerals, such as carbonates. Biochar 
contains alkali and alkaline earth metals, usually 
present in the form of oxides/hydroxides, phos-
phates, silicates, carbonates, and sulphates (T.-
B. Nguyen et al., 2023).

In terms of biochar application during soil 
remediation the most important parameters are 
porous structure, surface area and surface struc-
ture (functional groups and associated surface 
charge) and carbon content. Porous structure 
properties and surface area identify the efficien-
cy of the contact between biochar and soluble 
exogenous redox components, thereby facilitat-
ing the transfer of electrons, promoting the ad-
sorption of pollutants and supporting the growth 
of microorganisms (Dong et al., 2024). Presence 
of functional groups on the surface of biochar, 
including hydroxyl, carboxyl, carbonyl, qui-
none and lactone groups, determines the surface 
charge and cation exchange capacity (CEC). 

Surface charge determines the electrostatic in-
teraction between biochar and pollutants. Cat-
ion exchange capacity plays an important role 
in the attraction of positively charged HMs and 
the absorption of chemicals by biochar (T.-B. 
Nguyen et al., 2023). A decrease in the number 
of oxygen-containing functional groups leads 
to a decrease in the CEC of biochar, and an in-
creased content of alkali metals (K, Ca and Mg) 
increases it (Dong et al., 2024). Carbon content 
improves microorganisms’ growth and enzyme 
activity intensifying biochemical processes of 
pollutants transformation. 

There are several target factors influencing 
biochar structure and mentioned properties such 
as feedstock type, pyrolysis temperature, resi-
dence time, and heating rate (Dong et al., 2024). 
The relationships between target factors and bi-
ochar properties are illustrated on Figure 1, 2, 
and Table 1. 

Biochar is most frequently generated from 
various forms of biomass, primarily encompass-
ing timber industry by-products and agricultural 
waste (Figure 1). Feedstocks for biochar produc-
tion from digestate are also varied and primarily 
include straw digestate, livestock manure diges-
tate, sludge digestate, food waste digestate, and 
energy crop digestate (Fu et al., 2024).

Thus, to obtain biochar with a constant 
carbon content and higher biochar yield, it is 
preferable to use feedstock with a higher lignin 
content (T.-B. Nguyen et al., 2023), while cel-
lulose- and hemicellulose-containing substrates 
improve its porous structure and increase the 
specific surface area (Anyebe et al., 2025). 
Therefore, wood biomass with lower ash con-
tent and higher C content compared to manure 
or agricultural residues is a better substrate for 
production biochar able to metal sorption and 
carbon sequestration in soil. Specific surface 
area was higher in biochar obtained from straw 
digestate compared to biochar obtained from 
pig and chicken manure digestate (Luo et al., 
2023), however biochar from manure had high-
er amounts of nutrients that lead to crop yield 
increase (Siddiqui, 2025).

Temperature is the primary controlling pa-
rameter in the pyrolysis process and strongly 
influences both the yield and physicochemical 
properties of the resulting products (Figure 2). Py-
rolysis is generally conducted within the tempera-
ture range of 300–900 °C and involves a series 
of complex reactions, including bond cleavage, 
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Figure 1. Dependence of biochar properties on the composition of the raw material
Compiled by authors based on (Bruun et al., 2012; Fu et al., 2024; T.-B. Nguyen et al., 2023)

Figure 2. Dependence of biochar properties on pyrolysis temperature. Compiled by authors based on
(Fu et al., 2024; Haghighi Mood et al., 2022; T.-B. Nguyen et al., 2023)
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isomerization, and secondary recombination of 
smaller molecular fragments (Fu et al., 2024).

Biochar produced at higher temperatures ex-
hibit lower O/C ratios and a greater degree of aro-
maticity, which enhances their structural stability 
and persistence in soil environments (Haghighi 
Mood et al., 2022). Several studies have reported 
a gradual decline in biochar yield as pyrolysis 
temperature increases from 400 to 600 and 800 °C 
(Al Afif et al., 2019; Alghashm et al., 2018). As 
temperature continues to rise, additional mass 
loss occurs due to continuous devolatilization, 
leading to reduced solid product yield. At moder-
ate pyrolysis temperatures, biochar particles tend 
to exhibit smoother morphology and a reduced 
abundance of surface-active functional groups 
(T.-B. Nguyen et al., 2023).

The specific surface area (SSA) of biochar 
generally increases with rising pyrolysis temper-
ature and longer residence times, primarily due 
to the progressive development of microporosity 
as volatile components are released. However, 
excessively high temperatures or prolonged resi-
dence times may cause pore collapse or structur-
al shrinkage, resulting in a decline in SSA. For 
example, increasing the temperature above 600 
°C for biochar derived from straw digestate, pig 
manure, and chicken manure, and above 800 °C 
for food waste digestate-derived biochar, has 
been shown to reduce the specific surface area 
(Liu et al., 2022; W. Wang and Lee, 2021).

Overall, within an optimal temperature win-
dow, increasing pyrolysis temperature enhances 

specific surface area, porosity, carbon content, 
thermal stability, pH, and ash content of diges-
tate-based biochar. In contrast, biochar yield, 
polarity, and the abundance of acidic oxy-
gen-containing functional groups decrease as 
temperature increases. Pyrolysis can be divided 
into three types depending on the heating rate: 
slow pyrolysis, fast pyrolysis and flash pyrolysis 
(Fahmy et al., 2020) that directly affects biochar 
properties playing a key role in its application 
for soil decontamination (Table 1). 

To enhance soil remediation, improve soil 
properties and carbon sequestration, biochar 
should have developed porous structure and spe-
cific surface area, the formation of surface func-
tional groups and cation exchange capacity, as 
well as carbon content, aromaticity (H/C < 0.5), 
and pH-buffering capacity. Thus, feedstock type 
should reflect balanced mix of lignin, cellulose 
and hemicellulose substrates with nutrient-rich 
substrates. The optimal pyrolysis temperature is 
500–600 °C, residence time is 1–2 h, and slow 
heating rate 5–10 °C min⁻¹ that improve carbon 
content and stability, SSA, porous structure, sur-
face charge and pH of produced biochar. 

Moreover, different types of biochar mod-
ification could be applied to increase surface 
area and porosity, enhanced functional groups, 
improve pollutant adsorption, and HMs immo-
bilization, allowing to enhance soil remediation. 
The most common types of modification are 
physical, chemical, and composite and biolog-
ical modification. 

Table 1. Comparative characteristics of slow, fast, and flash pyrolysis of lignocellulosic biomass 

Parameter Slow pyrolysis Fast pyrolysis Flash pyrolysis

Heating rate 5–7 °C min⁻¹ ~300 °C min⁻¹ ~1000 °C s⁻¹
Vapor/solid residence 
time Hours to days < 5 s 30 ms–1.5 s

Temperature Typically < 800 °C
High-temperature thermal 

decomposition 
(typically 400–600 °C)

High-temperature process (typically 
≥ 600°C)

Primary objective Biochar production Bio-oil maximization Rapid bio-oil production

Biochar yield High (< 35 wt%) Low Low

Bio-oil yield Low High (~75 wt%) High (< 70 wt%)

Syngas yield Low Moderate to low Moderate

Carbon stability in 
solid product

Highly stabilized carbon; 
resistant to long-term microbial 

degradation

Lower stability compared to 
slow pyrolysis

Lower stability compared to slow 
pyrolysis

Specific surface area 
and pore area

Increases if residence time 
does not exceed 2 hours

Moderate porosity, moderate 
SSA, limited structural ordering

Porosity may increase initially 
but often decreases at very high 

temperatures

Note: Based on (Feng and Lin, 2017; Mukherjee et al., 2022). 
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Mechanisms for heavy metals and explosives 
degradation using biochar-based 
technologies

The removal of pollutants by biochar is 
achieved through the following mechanisms: 
pore filling, diffusion and partitioning, hydropho-
bic interactions, aromatic π-π interactions, hy-
drogen bonding, electrostatic interactions, cation 
exchange, induced precipitation, surface complex 
formation, interactions with amine groups, simul-
taneous adsorption and catalytic degradation, mi-
crobial mediation, and precipitation (Figure 3).

Biochar has multifunctional nature in con-
taminant removal and immobilization, through a 
combination of physical, chemical, and biological 
pathways, whose relative contributions depend 
strongly on its physicochemical properties (e.g., 
surface area, pore structure, aromaticity, function-
al groups, mineral content, pH, and pHpzc) and 
environmental conditions (e.g., solution pH, ionic 
strength, redox state, and contaminant speciation).

Physical mechanisms such as pore filling, dif-
fusion, and size exclusion dominate if biochar has 
developed porosity and high SSA, which allows 
for the retention of dissolved metals and organ-
ic pollutants (Abhishek et al., 2022). Hydropho-
bic interactions, π–π aromatic interactions and 
hydrogen bonding are important mechanisms 
for sorption of organic contaminants, especially 

hydrophobic and aromatic compounds (Abhishek 
et al., 2022; V.-T. Nguyen et al., 2019). Neverthe-
less, electrostatic attraction and cation exchange 
play key role in HMs adsorption in the soil that 
depends on pH, meaning better HMs adsorption 
potential if the solution pH exceeds the pHpzc 
of biochar (Abhishek et al., 2022). Moreover, 
mineral-rich biochar and composites promote 
immobilization of HMs through cation exchange 
between surface cations (Gholizadeh and Hu, 
2021). Furthermore, binding of HMs like Pb²⁺ 
and Zn²⁺ is developed by surface complexation 
via inner-sphere bonding with oxygen-containing 
functional groups (Amusat et al., 2021).

Redox transformation by biochar lead to 
reduction of Cr  (VI) to Cr  (III) or promote ox-
idation of As  (III), often mediated by Fe- and 
Mn-containing minerals (T.-B. Nguyen et al., 
2023). Cations like Pb²⁺, Cd²⁺, Cr3⁺ can be pre-
cipitated to compounds with less bioavailabil-
ity CdCO₃, Pb₃(PO₄)₂, Cr(OH)₃), that are regu-
lated by alkalinity and the release of carbonate, 
phosphate, sulphate, or sulphide (Bousdra et al., 
2023). Processes of pollutants degradation in the 
soil are microbially regulated that enhance the 
effectiveness of biochar and provide a synergis-
tic effect. Therefore, the type of mechanisms de-
pends on biochar properties and structure that are 
influencing by feedstock type and thermochemi-
cal parameters of pyrolysis. 

Figure 3. Mechanisms of pollutant removal and heavy metal immobilization by biochar
Note: Based on (Dong et al., 2024; T.-B. Nguyen et al., 2023).
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Biochar has demonstrated strong potential 
for the adsorption of nitro-explosive compounds. 
The adsorption behavior of explosive substanc-
es (ES), such as TNT and RDX, is influenced by 
multiple operational and environmental param-
eters, including biochar dosage, contact time, 
solution pH, ionic strength, and the presence of 
competing solutes. Increasing the biochar dos-
age generally enhances the removal efficiency 
of TNT and RDX, primarily due to the greater 
availability of adsorption sites. However, beyond 
a certain dosage threshold, the rate of improve-
ment declines and sorption efficiency approaches 
a plateau. This behaviour is attributed to the in-
creased total number of active sites in the system, 
accompanied by a reduction in the effective uti-
lization of adsorption sites per unit mass of bio-
char at higher dosages (Dong et al., 2024). Main 
mechanisms of removal of energetic substances 
(explosive organic substances) by biochar is pre-
sented in (Kuzomenska et al., 2026). 

Thus, the physicochemical properties of bio-
char, which are largely determined by the type of 
feedstock and pyrolysis conditions, will influence 
the feasibility of implementing a particular mecha-
nism for removing nitro-explosives from soil. Hy-
drophobic distribution, π–π electron donor–accep-
tor (EDA) interactions, and redox reduction pro-
cesses are possible for high-temperature biochar 
with higher aromaticity, hydrophobicity, graphitic 
structure, and electrical conductivity. These mech-
anisms are effective for removing TNT, DNT, and 
RDX. Electrostatic effects, electron transfer ca-
pacity, and oxidant activation potential will be 
enhanced by optimal surface charge (pHpzc), ash/
mineral content (e.g., Fe/Mn phases), and struc-
tural ordering. It is worth noting that the presence 
of competing metals (e.g. Cu²⁺, Zn²⁺) or co-pollut-
ants determines whether adsorption, redox trans-
formations or advanced processes such as oxida-
tion dominate. Therefore, an important aspect is to 
influence the properties of biochar by optimizing 
the target factors of its production, which helps to 
adapt to the pollution conditions at a specific site 
and maximize the recovery efficiency.

MATERIALS AND METHODS

Feedstock for biochar production

Four distinct types of biomass feedstocks 
were strategically selected for biochar synthesis: 

dewatered digestate, natural peat, birch wood, and 
agricultural corn residues. The primary woody bi-
omass, consisting of pristine birch fractions, was 
acquired from a commercial logging and forestry 
enterprise based in Bezdryk village (Sumy Dis-
trict, Sumy Region, Ukraine), ensuring a reliable 
regional baseline for timber-derived carbon. The 
non-woody organic matrices were sourced from 
diverse agricultural and geological origins: the 
dewatered digestate by-product was supplied by 
an industrial biogas plant in Lynovytsia (Pryluky 
District, Chernihiv Region, Ukraine) operating on 
high-yield maize silage, while the raw peat ma-
terial was obtained from a specialized extraction 
and processing facility situated in Shalyhyne vil-
lage (Shostka District, Sumy Region, Ukraine). 
Additionally, residual corn biomass was harvest-
ed directly from a designated agricultural field 
plot located in Stepanivka village (Sumy District, 
Sumy Region, Ukraine). Prior to undergoing the 
thermochemical pyrolysis process, all collected 
feedstocks were subjected to a uniform thermal 
conditioning protocol, being thoroughly dried in a 
laboratory oven at 105 °C for 6 hours to eliminate 
moisture variables and subsequently preserved in 
airtight plastic containers to maintain structural 
and chemical integrity.

Pyrolysis

The slow pyrolysis of the individual biomass 
feedstocks was conducted within a custom-en-
gineered stainless steel reactor with a total 
volumetric capacity of 1.5 L. Thermal energy 
was supplied via a three-phase electrical heat-
ing element regulated by a computerized pow-
er management and control cabinet. To ensure 
precise mass balance tracking, the weight of the 
pyrolyzed material was continuously recorded 
using an analytical balance with an accuracy of 
±0.001 g. To systematically investigate the influ-
ence of thermochemical process conditions on 
the physicochemical properties of the resulting 
biochar and evaluate its subsequent efficacy as a 
soil amendment, each feedstock was processed 
at two distinct peak temperatures: 300 °C and 
600 °C. The operational heating rate was strictly 
maintained at 5 °C min⁻¹ up to the target tem-
perature, followed by a residence (holding) time 
of 40 min. The initial mass of the raw biomass 
input was standardized at 250 g for each experi-
mental run. After cooling, biochars were kept in 
plastic containers.
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Physico-chemical analysis

Prior to analysis, the biochar samples were 
pulverized using a TWISTER cyclone mill 
(Retsch GmbH, Haan, Germany) to achieve a 
uniform particle size distribution. The resulting 
homogeneous powder was subsequently com-
pacted into solid analytical pellets using a labora-
tory hydraulic press under a uniform compaction 
force of 4 tons. This process yielded standardized 
cylindrical tablets with a diameter of 1 cm and a 
thickness of approximately 3–4 mm.

A comprehensive analytical workflow com-
bining non-destructive X-ray fluorescence and 
high-temperature thermal oxidation was imple-
mented to assess the chemical composition and 
quality of the resulting biochar matrix. Given that 
carbon is the main structural component that de-
termines the stability and sequestration potential 
of bioproducts, its quantitative content was deter-
mined independently of other organic elements. 
Total carbon (C) content was measured by auto-
mated dry combustion using a high-temperature 
combustion carbon analyzer equipped with a 
non-dispersive infrared (NDIR) detector (LECO 
Corporation, St. Joseph, Michigan, USA). The 
macro- and microelement profiles (including 
mineral-forming elements and trace metals) of 
the biochar samples were analyzed using a ProS-
pector 3 bench-top energy-dispersive X-ray fluo-
rescence (EDXRF) spectrometer (Elvatech Ltd., 
Kyiv, Ukraine). Measurement conditions: The 
analysis was performed directly on the prepared 
compressed biochar pellets to ensure a smooth, 
uniform surface and high reproducibility of the 
fluorescence signal. The spectrometer was oper-
ated using a high-voltage X-ray tube with a tung-
sten (W) anode operating at an accelerating volt-
age of up to 50 kV with automatic current control.

The morphology, surface microstructure and 
elemental analysis of the biochar samples were 
examined using a SEO-SEM Inspect S50-B 
(SEO Ltd., Sumy, Ukraine) scanning electron 
microscope equipped with an AZtecOne ener-
gy-dispersive spectroscopy (EDS) system and an 
X-MaxN20 detector (Oxford Instruments plc) for 
elemental analysis. The microscope is fitted with a 
tungsten thermionic emission cathode as the elec-
tron source. The instrument allows electromagnet-
ic adjustment of the electron beam aperture with-
out the installation of a mechanical diaphragm 
unit, enabling precise control of beam parameters. 
The system includes automatic optimization of the 

cathode heating current and automatic alignment 
of the electron gun, ensuring stable beam genera-
tion during imaging. SEM micrographs obtained 
with this system were used to evaluate the surface 
morphology, pore structure, and microstructural 
features of the biochar samples.

RESULTS AND DISCUSSION

Characteristics of biochars derived from 
different feedstocks

Within the framework of the conducted re-
search, various bioproducts were obtained that 
can be used for remediation of degraded soils 
because of military operations. Data on the el-
emental content of the investigated samples are 
given in Table 2.

Based on spectroscopy analysis the results 
of surface elemental composition among 5 sam-
ples of biochar were different due to substrate 
type and conditions of pyrolysis that directly 
influence the ability of biochar for soil remedi-
ation. The corresponding spectrograms for all 
biochar samples are presented in (Kuzomens-
ka et al., 2026). The content of carbon content 
was the highest for sample no. 4 (828.5 g kg-1) 
indicating good properties for adsorption of or-
ganic contaminants, but biochar from digestate 
showed still high carbon content (sample no. 
1) up to 723.5 g  kg-1. The adding of digestate 
and biochar into the soil contributes to the accu-
mulation of organic carbon according to a me-
ta-analysis (Ablieieva et al., 2024). Based on the 
studies conducted, it was found that biochar ob-
tained from digestate has a high organic carbon 
content of 101 g kg-1 volatile and 523.2 g kg-1 
non-volatile, therefore, it can be assumed that 
the RDX sorption process is intensified, since 
the RDX sorption coefficient depends on the 
organic matter content in the soil or sediment 
(Dontsova et al., 2009). As was found in the 
study (Temple et al., 2019), the content of total 
organic carbon in the soil at a level above 2% 
leads to an increase in RDX sorption by the soil, 
while the efficiency of RDX extraction decreas-
es. Other researchers also noted the high car-
bon content in biochar. According to (Mukome 
et al., 2020), its highest values are observed in 
pyrolyzed coniferous residues – 924 g kg-1, the 
lowest – in plant residues 44.6 g  kg-1 (Amin, 
2024) and chicken manure 79 g kg-1 (Narayanan 
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and Ma, 2022). The presence of carbon allows 
the use of biochar also for bioremediation of 
soils contaminated with organics and metals.

It should be noted the influence of residence 
time of pyrolysis on the elemental content of bi-
ochar from the same substrate on the example 
of sample no. 2. This sample had a decreased 
content of carbon (223.0 g  kg-1) and increased 
oxygen content (370.2 g  kg-1) meaning miner-
al-rich composition and privilege of ash-form-
ing elements such as Ca, K, and Mg due to high 
residence time. Such properties of the sample 
no. 2 are suitable for heavy metal immobiliza-
tion and soil pH adjustment. In another study 
dry ash content in biochar didn’t show any sig-
nificant difference between samples from wood 
(36.62%) and digestate (35.62%). Adding di-
gestate to biochar decreases this parameter to 
11.09 % while dry ash content in the digestate 
was estimated at 5.58%.

Samples no. 1 and no. 5 demonstrated a bal-
anced composition, combining high carbon con-
tent (494.3  g  kg-1 and 689.2  g/kg, respectively) 
with moderate mineral fractions (Ca, K, and Mg). 
These samples have good properties for soil re-
mediation and nutrient supply that are important 
in terms of simultaneous contamination degra-
dation and soil fertilization. Among all samples, 
sample no. 3 showed a significant content of Fe 
(90.0 g/kg) that indicates a high potential for en-
hanced metal binding and redox activity. 

Biochar has a positive effect on the physic-
ochemical properties of the soil, in particular, it 
increases its porosity, organic matter and organic 
carbon content, reduces bulk density, improves 
pH and increases CEC (Broomandi et al., 2020; 
Sharma et al., 2023; Temple et al., 2019). The fi-
nal characteristics of digestate-derived biochar are 
primarily dictated by two factors: the initial feed-
stock composition used in anaerobic digestion and 
the peak pyrolysis temperature. This is because the 
content of nutrients and pollutants changes during 
fermentation and pyrolysis depending on its initial 
value in the feedstock. The process of lignocellu-
lose decomposition during pyrolysis occurs more 
efficiently if the feedstock is already fermented 
biomass, respectively, most of the lignocellulosic 
residues present in the digestate are decomposed 
at a lower pyrolysis temperature.

Another important parameter for biochar is 
its surface structure and morphology that shows 
general structure, fragmentation, porosity dis-
tribution (low magnification, ≈200–300×), pore 
network formation, surface heterogeneity (me-
dium magnification, ≈500–1000×) and adsorp-
tion sites, mineral phases, surface coatings (high 
magnification, ≈1500–2000×). SEM images of 
the surface for investigated samples are present-
ed in Figure 4. These surface properties are di-
rectly connected to elemental content of biochar 
and presence of functional groups identifying 
the surface charge.

Table 2. Results of elemental analysis of the investigated bioproducts

Element, g kg-1
Sample No. 1 Sample No. 2 Sample No. 3 Sample No. 4

Biochar from digestate, 
6 hours Biochar from peat Biochar from birch Sample from corn

C 723.5 ± 17.6 494.3 ± 22.3 828.5 ± 187.4 689.2 ± 31.3

Si 26.0 ± 0.8 90.4 ± 19.2 0.0 ± 0.0 37.4 ± 5.9

Ca 48.3 ± 4.0 21.2 ± 1.6 76.8 ± 104.0 37.5 ± 6.2

O 138.8 ± 16.0 253.5 ± 31.9 89.9 ± 80.3 171.7 ± 13.1

Mg 12.4 ± 0.4 3.0 ± 0.4 0.2 ± 0.2 5.0 ± 0.3

K 34.8 ± 2.9 8.8 ± 3.9 2.9 ± 2.2 34.3 ± 3.1

P 10.1 ± 0.4 0.0 ± 0.0 0.0 ± 0.0 9.8 ± 0.2

Al 1.7 ± 0.3 26.7 ± 7.1 0.8 ± 0.3 2.4 ± 0.4

S 2.5 ± 0.2 9.9 ± 0.1 0.0 ± 0.0 1.8 ± 0.2

Fe 1.5 ± 2.1 90.0 ± 20.9 0.0 ± 0.0 2.8 ± 0.8

Na 0.7 ± 1.0 1.0 ± 1.3 0.0 ± 0.0 2.8 ± 0.2

Cl 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 4.4 ± 0.3

Mn 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.5 ± 0.6

Cu 0.0 ± 0.0 0.0 ± 0.0 1.1 ± 1.5 0.0 ± 0.0

Ti 0.0 ± 0.0 1.7 ± 2.4 0.0 ± 0.0 0.0 ± 0.0
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Evaluating the potential of digestate 		
for biochar production

Digestate is a good co-substrate for pyrolysis 
to produce biochar for soil remediation technology 
(Soja et al., 2024; Y. Wang et al., 2023), however, 
the ecological safety and quality of such substrate 
remain important. To choose a substrate for anaero-
bic digestion, it is necessary to consider its level of 
contamination with various organic and inorganic 
pollutants. Given the global trend towards deterio-
rating environmental conditions, almost all habitats 
are polluted with various compounds due to human 
activities (Košnář et al., 2023). This, in turn, affects 
the quality of feedstock for bioproduct production.

The main contaminants in wastewater sludges 
are HMs, which enter wastewater from various 
enterprises. For waste from various sectors of 

the agro-industrial complex, dangerous con-
taminants include various groups of pesticides 
(mainly organochlorine and organophospho-
rus), antibiotics, hormones, and pathogenic mi-
croorganisms (Azizan et al., 2021; Zhang et al., 
2023). The ecological safety of digestate usu-
ally significantly increases during the digestion 
process due to pollutants transformation. 

Sewage sludge was identified as the most 
contaminated, but the level of removal of sub-
stances in the process of anaerobic digestion 
also varied widely. Summarized research data 
show that the lowest efficiency was noted for 
industrial chemicals and pesticides (no more 
than 5%); medium – for personal care products 
(25%), pharmaceutically active compounds 
(40%) and antibiotics (58%); the highest was 
for stimulants (100%).

Figure 4. SEM images of the surface of biochar samples 
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According to (Anne et al., 2023) a negative 
effect on soil Zn accumulation, resulted in in-
creasing of Zn content by 14.5%, was observed 
after the addition of biochar from sewage sludge 
digestate obtained at 450 °C. This may be because 
Zn is a metal that is often found in high amounts 
in sewage sludge that is in line with author’s find-
ings reported by (Paramonov et al., 2024; Sipko 
and Ablieieva, 2024) regarding sewage sludge as 
substrate for anaerobic digestion with the highest 
level of pollutants, particularly, HM content that 
exceeds permissible level. 

Nevertheless, different factors, including 
thermal conditions, substrate pre-treatment 
technologies and digestate post-treatment tech-
nologies, influence the process of degradation 
for pharmaceuticals, antibiotics, pesticides, and 
HM during anaerobic digestion that is extremely 
important to obtain ecologically safe feedstock 
for pyrolysis from digestate that meets special 
requirements for biochar quality used for soil 
application (Zhao et al., 2020). 

Thus, solid fraction of digestate after sol-
id-liquid separation has higher levels of pollut-
ants as was shown in the study by (Golovko et 
al., 2022). It means that persistent organic pollut-
ants like pesticides and industrial chemicals move 
from substrate to solid fraction of digestate in 
concentrations depending on the above discussed 
factors. Thermal treatment of solid fractions of 
digestate can be one of the possible approach-
es to decrease concentration of chemicals up to 
maximum permissible level and increase the eco-
logical safety of digestate. It was proved in some 
studies (Gulyás et al., 2022; Louati et al., 2025) 
that biochar produced by slow pyrolysis of solid 
digestate at low temperatures has a high potential 
as soil amendment. Therefore, the investigation 
of the effect of technological and operational pa-
rameters of the pyrolysis process on the organic 
pollutant’s degradation could be the subject of 
our further research (Vaskina et al., 2025). 

Biochar production strategies for remediation 
of soils co-contaminated with heavy metals 
and energetic substances

Biochar has emerged as a promising amend-
ment for remediating soils contaminated with 
HMs due to its physicochemical properties that 
influence metal mobility and stability. For effec-
tive immobilization of HMs in amended soils, 
biochar should exhibit an alkaline pH, high ash 

content to facilitate metal precipitation, and a 
rich array of surface functional groups capable 
of complexing metal ions. Additionally, a low 
concentration of labile carbon is advantageous 
for limiting the re-mobilization of metals, while a 
moderate to high cation exchange capacity (CEC) 
enhances the retention of metal cations through 
ion exchange processes (Gusiatin et al., 2016).

From a broader soil quality perspective, bi-
ochar with lower electrical conductivity (EC) 
are preferable, as they help to reduce the risk of 
salinity buildup. Furthermore, biochar with high 
fixed carbon content contributes to long-term car-
bon sequestration, offering added environmental 
benefits beyond contaminant stabilization. Ther-
mal treatment significantly influences biochar 
properties and related efficiency of soil remedi-
ation that should be discussed further. Pyrolysis 
temperature as a defined target factor influencing 
biochar surface chemistry, alkalinity, and sorption 
performance, and thus directly influences its en-
vironmental application performance. 

Temperature increase lead to destruction 
of oxygen-containing functional groups (e.g., 
–COOH, –OH, C=O), that negatively influenc-
ing CEC and ion-exchange mechanisms to HM 
sorption. That’s why in case of domination such 
mechanisms as electrostatic attraction and surface 
complexation dominate, where surface charge is 
core, biochar is proposed to produce at low- to 
moderate-temperature. On the other hand, soil re-
mediation using biochar could proceed with other 
mechanisms like sorption, surface complexation 
and precipitation, where improved aromaticity, 
carbonization degree, and mineral concentration 
play key role and can be reached by temperature 
increase to 600 °C (Awasthi, 2022). 

The increase in alkalinity observed in high 
temperature biochar is primarily attributed to the 
thermal degradation of acidic functional groups 
and the concentration of inorganic minerals dur-
ing pyrolysis. According to (Cong et al., 2024), 
an increase in pyrolysis temperature from 300 to 
700 °C leads to a significant rise in the pH of sew-
age sludge digestate biochar, specifically shifting 
from 7.05 to 9.29. Feedstock for biochar is even 
more important, for example, pH of biochar from 
food-waste digestate was higher (9.19) than in 
case of sewage sludge digestate at 400 °C as (Al-
ghashm et al., 2018) observed, and increased to 
12.52 at pyrolysis temperature 900 °C. 

It should be noted that the pH level signifi-
cantly affects the equilibrium absorption of metal 
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ions in aqueous solution, as it determines the na-
ture of the competition between hydrogen ions 
(protons) and metal ions for the active centres of 
the sorbent. In addition, the sorption efficiency 
largely depends on the chemical composition of 
the sorbent surface. One of the key factors deter-
mining the course of sorption processes is the pH 
of the medium, since it affects not only the form 
of existence of toxic metals in the solution, but 
also the degree of ionization of the adsorbate and 
the charge of the sorbent surface during interac-
tion (Duwiejuah et al., 2020).

Moreover, in terms of feedstock influence 
on biochar properties woody biomass resulted in 
slightly acidic character regardless of pyrolysis 
conditions compared to non-woody substrates 
like municipal solid waste, sewage compost, and 
digestate residue (Gusiatin et al., 2016). Such en-
hanced alkalinity is important for soil remediation 
efficiency as it improves HMs precipitation (e.g., 
carbonates and hydroxides) and reduces metal 
solubility in contaminated soils. Therefore, these 
findings highlight that temperature selection and 
combination of woody substrate and digestate for 

pyrolysis could lead to optimization of biochar al-
kalinity that is important parameter for remedia-
tion and improvement of HMs-contaminated soils.

In contrast to HMs, the adsorption of nitro-ex-
plosives such as TNT and RDX can be highly 
efficient on specifically modified biochars (e.g., 
polymer/biomass-derived), where the presence of 
polymer residues plays a more critical role in en-
hancing sorption capacity than the pyrolysis tem-
perature itself (S. Oh et al., 2018). According to 
the results obtained by (S.-Y. Oh and Yoon, 2016), 
the addition of biochar derived from rice straw to 
contaminated military training grounds in Korea 
reduced the RDX mobility and extraction rate to 
less than 10% of the initial concentration after 10 
days. In this case biochar was pyrolyzed at 550 °C 
for 4 h and the sorption properties and mechanism 
of biochar were mainly determined by π–π elec-
tron donor–acceptor interactions.

Thus, biochar application for soils contam-
inated by military actions should consider dif-
ferent factors, including analysed target factors 
for biochar production, type of soil contamina-
tion influencing the dominant mechanism for 

Figure 5. Decision tree for production parameters of biochar used for remediation of soils contaminated
after military actions
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pollutants degradation and soil remediation. 
Therefore, production of biochar should be op-
timized according to specific contaminated sites, 
where dominant contaminant type is defined at 
the first stage. Further, production parameters of 
biochar are assessed according to the decision 
tree presented on Figure 5.

Based on the above analysis, it is recom-
mended to use not only biochar, but also immo-
bilized bacteria, which increases the efficiency 
of pollutant transformation. Such statements are 
consistent with the results of studies on the use 
of a bioformula consisting of biochar obtained 
from coconut husk as a carrier and Arthrobacter 
subterraneous as an active ingredient (Sharma et 
al., 2023). The prepared bioformula was able to 
decompose up to 85.98% of hexogen (RDX) in 
contaminated soil within 30 days. In the soil treat-
ed with the bioformula, a significant increase in 
the concentration of nitrites, the main by-product 
of RDX biodegradation, was observed.

In the case of soil contamination by petrole-
um hydrocarbons, the work (Gielnik et al., 2019) 
shows that the use of bacteria immobilized on bi-
ochar, together with digestate, also increases the 
efficiency of bioremediation in both sandy and 
clay soils. Thus, biochar with immobilized bacte-
ria is proposed to be used for soil treatment after 
military operations at the stage of chemical reme-
diation. In this case, it is worth paying attention to 
the influence of feedstock and pyrolysis temper-
ature on the sorption properties of biochar, car-
bon content, ash content and pH indicators. Field 
testing of the efficiency of the transformation of 
pollutants and soil cleaning from HMs and explo-
sives in the case of using biochar with immobi-
lized bacteria is the subject of further research.

CONCLUSIONS

The feasibility and effectiveness of using 
biochar for soil remediation after military op-
erations are substantiated. The use of biochar 
ensures the restoration of the physicochemical 
properties of soils after military operations, 
stimulation of the degradation of explosives due 
to the high carbon content, as well as the sorp-
tion of these substances and heavy metals due to 
the developed porous structure and the presence 
of appropriate functional groups. 

Mechanisms of positive influence on the 
physicochemical properties of soils and sorption 

mechanisms that depend on the pH of biochar, the 
presence of negatively charged functional groups 
and basic cations are established. It was identified 
that type of feedstock and pyrolysis temperature 
affect the mechanisms and efficiency of biochars’ 
sorption. A higher pyrolysis temperature (500–
600 °C), moderate heating rates and residence 
time allow to increase the carbon content, devel-
oped porosity and the hydrogen potential of the 
resulting biochar. This will positively affect the 
sorption of HMs and explosives. 

The feasibility of using biochar, including di-
gestate-derived biochar, for remediation of mil-
itary-impacted soils was substantiated. The ob-
tained bioproducts demonstrate physicochemical 
properties favourable for pollutant adsorption and 
improvement of soil quality. Digestate can serve 
as a promising feedstock for biochar production 
within circular resource management, although 
its environmental safety requires careful evalua-
tion. The decision tree was developed for produc-
tion parameters of biochar used for remediation 
of soil contaminated after military actions. 

Acknowledgements

The authors performed part of the research 
within the framework of the project “Implemen-
tation of the tasks of the perspective plan for the 
development of the scientific direction Technical 
Sciences” of Sumy State University (state regis-
tration number 0121U112684), as well as with-
in the scope of the planned research work of the 
Department of Ecology and Environmental Pro-
tection Technologies of Sumy State University on 
the topic “Reduction of technogenic load on the 
environment from oil production facilities: pros-
pects for the use of biotechnology” (state registra-
tion number 0121U114460) in accordance with 
the scientific and technical program of the Minis-
try of Education and Science of Ukraine.

REFERENCES

1.	 Abhishek, K., Shrivastava, A., Vimal, V., Gupta, A. 
K., Bhujbal, S. K., Biswas, J. K., Singh, L., Ghosh, 
P., Pandey, A., Sharma, P., Kumar, M. (2022). Bio-
char application for greenhouse gas mitigation, 
contaminants immobilization and soil fertility en-
hancement: A state-of-the-art review. Science of 
The Total Environment, 853, 158562. https://doi.
org/10.1016/j.scitotenv.2022.158562



484

Ecological Engineering & Environmental Technology 2026, 27(7), 471–486

2.	 Ablieieva, I., Sipko, I., Mendes Anacleto, T., Enrich-
Prast, A., Burla, O. (2024). Digestate biofertilization: 
A sustainable pathway to increase global soil C con-
tent. International Journal of Recycling of Organic 
Waste in Agriculture, 14(2). https://doi.org/10.57647/
IJROWA-K96C-RJ49

3.	 Al Afif, R., Anayah, S. S., Pfeifer, C. (2019). Batch py-
rolysis of cotton stalks for evaluation of biochar energy 
potential. E3S Web of Conferences, 116, 00001. https://
doi.org/10.1051/e3sconf/201911600001

4.	 Alghashm, S., Qian, S., Hua, Y., Wu, J., Zhang, 
H., Chen, W., Shen, G. (2018). Properties of bio-
char from anaerobically digested food waste and 
its potential use in phosphorus recovery and soil 
amendment. Sustainability, 10(12), 4692. https://
doi.org/10.3390/su10124692

5.	 Amin, A. E.-E. A. Z. (2024). The effect of pyrolysis 
temperature of Calotropis procera biochar on dy-
namics of petroleum hydrocarbons degradation, car-
bon emission, and ammonia volatilization in artificial 
petroleum-contaminated soil. Journal of Soil Science 
and Plant Nutrition, 24(2), 2023–2034. https://doi.
org/10.1007/s42729-024-01699-9

6.	 Amusat, S. O., Kebede, T. G., Dube, S., Nindi, M. 
M. (2021). Ball-milling synthesis of biochar and bi-
ochar–based nanocomposites and prospects for re-
moval of emerging contaminants: A review. Journal 
of Water Process Engineering, 41, 101993. https://doi.
org/10.1016/j.jwpe.2021.101993

7.	 Anne, O., Mockevičienė, I., Karčauskienė, D., 
Repšienė, R., Šiaudinis, G., Barčauskaitė, K., Žilė, G. 
(2023). Biochar-assisted phytoremediation potential of 
sewage sludge contaminated soil. Sustainability, 16(1), 
183. https://doi.org/10.3390/su16010183

8.	 Anyebe, O., Sadiq, F. K., Manono, B. O., Matsika, T. A. 
(2025). Biochar characteristics and application: Effects 
on soil ecosystem services and nutrient dynamics for 
enhanced crop yields. Nitrogen, 6(2), 31. https://doi.
org/10.3390/nitrogen6020031

9.	 Awasthi, M. K. (2022). Engineered biochar: A mul-
tifunctional material for energy and environment. 
Environmental Pollution, 298, 118831. https://doi.
org/10.1016/j.envpol.2022.118831

10.	Azizan, N. A. Z., Yuzir, A., Abdullah, N. (2021). Phar-
maceutical compounds in anaerobic digestion: A review 
on the removals and effect to the process performance. 
Journal of Environmental Chemical Engineering, 9(5), 
105926. https://doi.org/10.1016/j.jece.2021.105926

11.	Biochar Standards. (2026). International Biochar Ini-
tiative. Retrieved 1 June 2026, from https://biochar-in-
ternational.org/biochar-standards/

12.	Biyashev, B., Drobitko, A., Markova, N., Bondar, A., 
Pismenniy, O. (2024). Chemical analysis of the state of 
Ukrainian soils in the combat zone. International Jour-
nal of Environmental Studies, 81(1), 199–207. https://
doi.org/10.1080/00207233.2023.2271754

13.	Bonchkovskyi, O., Ostapenko, P., Bonchkovskyi, 
A., Shvaiko, V. (2025). War-induced soil dis-
turbances in north-eastern Ukraine (Kharkiv re-
gion): Physical disturbances, soil contamination 
and land use change. Science of The Total Envi-
ronment, 964, 178594. https://doi.org/10.1016/j.
scitotenv.2025.178594

14.	Bousdra, T., Papadimou, S. G., Golia, E. E. (2023). 
The use of biochar in the remediation of Pb, Cd, and 
Cu-contaminated soils. The impact of biochar feed-
stock and preparation conditions on its remediation 
capacity. Land, 12(2), 383. https://doi.org/10.3390/
land12020383

15.	Broomandi, P., Guney, M., Kim, J. R., Karaca, F. 
(2020). Soil contamination in areas impacted by 
military activities: A critical review. Sustainability, 
12(21), 9002. https://doi.org/10.3390/su12219002

16.	Bruun, E. W., Ambus, P., Egsgaard, H., Haug-
gaard-Nielsen, H. (2012). Effects of slow and fast 
pyrolysis biochar on soil C and N turnover dy-
namics. Soil Biology and Biochemistry, 46, 73–79. 
https://doi.org/10.1016/j.soilbio.2011.11.019

17.	Cong, P., Song, S., Song, W., Dong, J., Zheng, X. 
(2024). Biochars prepared from biogas residues: 
Temperature is a crucial factor that determines their 
physicochemical properties. Biomass Conversion 
and Biorefinery, 14(12), 12843–12856. https://doi.
org/10.1007/s13399-022-03229-y

18.	Dong, B., Huan, Z., Cai, L., Liu, L., Han, M., Nie, 
G., Zhao, S., Liu, G., Zhu, Y. (2024). Biochar appli-
cations for efficient removal of energetic compound 
contaminants. Chemosphere, 364, 143135. https://
doi.org/10.1016/j.chemosphere.2024.143135

19.	Dontsova, K. M., Hayes, C., Pennington, J. C., 
Porter, B. (2009). Sorption of high explosives to 
water‐dispersible clay: influence of organic carbon, 
aluminosilicate clay, and extractable iron. Journal of 
Environmental Quality, 38(4), 1458–1465. https://
doi.org/10.2134/jeq2008.0183

20.	Duwiejuah, A. B., Abubakari, A. H., Quainoo, A. 
K., Amadu, Y. (2020). Review of biochar properties 
and remediation of metal pollution of water and soil. 
Journal of Health and Pollution, 10(27), 200902. 
https://doi.org/10.5696/2156-9614-10.27.200902

21.	Fahmy, T. Y. A., Fahmy, Y., Mobarak, F., El-
Sakhawy, M., Abou-Zeid, R. E. (2020). Biomass 
pyrolysis: Past, present, and future. Environment, 
Development and Sustainability, 22(1), 17–32. 
https://doi.org/10.1007/s10668-018-0200-5

22.	Feng, Q., Lin, Y. (2017). Integrated processes of an-
aerobic digestion and pyrolysis for higher bioenergy 
recovery from lignocellulosic biomass: A brief review. 
Renewable and Sustainable Energy Reviews, 77, 1272–
1287. https://doi.org/10.1016/j.rser.2017.03.022

23.	Fernandez-Lopez, C., Posada-Baquero, R., Orte-
ga-Calvo, J.-J. (2022). Nature-based approaches to 



485

Ecological Engineering & Environmental Technology 2026, 27(7), 471–486

reducing the environmental risk of organic contam-
inants resulting from military activities. Science of 
The Total Environment, 843, 157007. https://doi.
org/10.1016/j.scitotenv.2022.157007

24.	Fu, Z., Zhao, J., Guan, D., Wang, Y., Xie, J., Zhang, 
H., Sun, Y., Zhu, J., Guo, L. (2024). A comprehen-
sive review on the preparation of biochar from di-
gestate sources and its application in environmental 
pollution remediation. Science of The Total Envi-
ronment, 912, 168822. https://doi.org/10.1016/j.
scitotenv.2023.168822

25.	Gholizadeh, M., Hu, X. (2021). Removal of heavy 
metals from soil with biochar composite: A critical 
review of the mechanism. Journal of Environmen-
tal Chemical Engineering, 9(5), 105830. https://doi.
org/10.1016/j.jece.2021.105830

26.	Gielnik, A., Pechaud, Y., Huguenot, D., Cébron, A., 
Riom, J.-M., Guibaud, G., Esposito, G., Van Hulle-
busch, E. D. (2019). Effect of digestate application 
on microbial respiration and bacterial communities’ 
diversity during bioremediation of weathered petro-
leum hydrocarbons contaminated soils. Science of 
The Total Environment, 670, 271–281. https://doi.
org/10.1016/j.scitotenv.2019.03.176

27.	Golovko, O., Ahrens, L., Schelin, J., Sörengård, M., 
Bergstrand, K.-J., Asp, H., Hultberg, M., Wiberg, 
K. (2022). Organic micropollutants, heavy met-
als and pathogens in anaerobic digestate based 
on food waste. Journal of Environmental Man-
agement, 313, 114997. https://doi.org/10.1016/j.
jenvman.2022.114997

28.	Gulyás, M., Someus, E., Klátyik, S., Fuchs, M., Var-
ga, Z. I., Dér, S., Fekete, G., Czinkota, I., Székács, 
A., Gyuricza, C., Aleksza, L. (2022). Effects of 
combined application of solid pyrolysis products 
and digestate on selected soil properties of areno-
sol and plant growth and composition in laboratory 
experiments. Agronomy, 12(6), 1440. https://doi.
org/10.3390/agronomy12061440

29.	Gusiatin, Z. M., Kurkowski, R., Brym, S., Wiśniew-
ski, D. (2016). Properties of biochars from conven-
tional and alternative feedstocks and their suita-
bility for metal immobilization in industrial soil. 
Environmental Science and Pollution Research, 
23(21), 21249–21261. https://doi.org/10.1007/
s11356-016-7335-4

30.	Haghighi Mood, S., Pelaez-Samaniego, M. R., Gar-
cia-Perez, M. (2022). Perspectives of engineered 
biochar for environmental applications: A review. 
Energy & Fuels, 36(15), 7940–7986. https://doi.
org/10.1021/acs.energyfuels.2c01201

31.	Košnář, Z., Mercl, F., Pierdonà, L., Chane, A. D., 
Míchal, P., Tlustoš, P. (2023). Concentration of 
the main persistent organic pollutants in sewage 
sludge in relation to wastewater treatment plant pa-
rameters and sludge stabilisation. Environmental 

Pollution, 333, 122060. https://doi.org/10.1016/j.
envpol.2023.122060

32.	Kuzomenska, K., Ablieieva, I., Tischenko, S., Ly-
sytska, A. (2025). Chemical soil degradation from 
military activities: An integrated approach to land 
reclamation. Environmental Problems, 10(4), 344–
354. https://doi.org/10.23939/ep2025.04.344

33.	Kuzomenska, K., Bataltsev, Y., Paramonov, A., 
Vakal, S., Vakal, V., Ablieieva, I., Yakhnenko, 
O., Vaskina, I., Vaskin, R. (2026). Supplementary 
files for article. Zenodo. https://doi.org/10.5281/
ZENODO.20522385

34.	Liu, J., Zhang, W., Mei, M., Wang, T., Chen, S., 
Li, J. (2022). A Ca-rich biochar derived from food 
waste digestate with exceptional adsorption ca-
pacity for arsenic (III) removal via a cooperative 
mechanism. Separation and Purification Tech-
nology, 295, 121359. https://doi.org/10.1016/j.
seppur.2022.121359

35.	Louati, Z., Wahab, M. A., Drapanauskaitė, D., Doy-
eni, M., Bakšinskaitė, A., Žiūra, K., Zvicevičius, 
E., Jedidi, N., Trabelsi, I., Barčauskaitė, K. (2025). 
Benefits of pig manure digestate-derived biochar 
on soil properties and plant growth. Euro-Med-
iterranean Journal for Environmental Integra-
tion, 10(4), 2789–2802. https://doi.org/10.1007/
s41207-025-00740-2

36.	Luo, D., Wang, L., Nan, H., Cao, Y., Wang, H., Ku-
mar, T. V., Wang, C. (2023). Phosphorus adsorption 
by functionalized biochar: A review. Environmen-
tal Chemistry Letters, 21(1), 497–524. https://doi.
org/10.1007/s10311-022-01519-5

37.	Mehmood, S., Rizwan, M., Bashir, S., Ditta, A., 
Aziz, O., Yong, L. Z., Dai, Z., Akmal, M., Ahmed, 
W., Adeel, M., Imtiaz, M., Tu, S. (2018). Com-
parative effects of biochar, slag and ferrous–Mn 
ore on lead and cadmium immobilization in soil. 
Bulletin of Environmental Contamination and Tox-
icology, 100(2), 286–292. https://doi.org/10.1007/
s00128-017-2222-3

38.	Melnychenko, V. (2024). Phytoremediation of soils 
contaminated as a result of military and anthropo-
genic impact. Naukovì Dopovìdì Nacìonalʹnogo 
Unìversitetu Bìoresursiv ì Prirodokoristuvannâ 
Ukraïni, 20(4), 72–84. https://doi.org/10.31548/
dopovidi/3.2024.72

39.	Mukherjee, A., Patra, B. R., Podder, J., Dalai, A. K. 
(2022). Synthesis of biochar from lignocellulosic 
biomass for diverse industrial applications and en-
ergy harvesting: Effects of pyrolysis conditions on 
the physicochemical properties of biochar. Frontiers 
in Materials, 9, 870184. https://doi.org/10.3389/
fmats.2022.870184

40.	Mukome, F. N. D., Buelow, M. C., Shang, J., Peng, 
J., Rodriguez, M., Mackay, D. M., Pignatello, J. 
J., Sihota, N., Hoelen, T. P., Parikh, S. J. (2020). 



486

Ecological Engineering & Environmental Technology 2026, 27(7), 471–486

Biochar amendment as a remediation strategy for 
surface soils impacted by crude oil. Environmental 
Pollution, 265, 115006. https://doi.org/10.1016/j.
envpol.2020.115006

41.	Narayanan, M., Ma, Y. (2022). Influences of bio-
char on bioremediation/phytoremediation poten-
tial of metal-contaminated soils. Frontiers in Mi-
crobiology, 13, 929730. https://doi.org/10.3389/
fmicb.2022.929730

42.	Nguyen, T.-B., Sherpa, K., Bui, X.-T., Nguyen, V.-
T., Vo, T.-D.-H., Ho, H.-T.-T., Chen, C.-W., Dong, 
C.-D. (2023). Biochar for soil remediation: A com-
prehensive review of current research on pollutant 
removal. Environmental Pollution, 337, 122571. 
https://doi.org/10.1016/j.envpol.2023.122571

43.	Nguyen, V.-T., Nguyen, T.-B., Chen, C.-W., Hung, 
C.-M., Vo, T.-D.-H., Chang, J.-H., Dong, C.-D. 
(2019). Influence of pyrolysis temperature on 
polycyclic aromatic hydrocarbons production and 
tetracycline adsorption behavior of biochar de-
rived from spent coffee ground. Bioresource Tech-
nology, 284, 197–203. https://doi.org/10.1016/j.
biortech.2019.03.096

44.	Oh, S., Seo, Y., Jeong, T., Kim, S. (2018). Sorption 
of nitro explosives to polymer/biomass‐derived 
biochar. Journal of Environmental Quality, 47(2), 
353–360. https://doi.org/10.2134/jeq2017.09.0357

45.	Oh, S.-Y., Yoon, H.-S. (2016). Biochar amendment 
for reducing leachability of nitro explosives and 
metals from contaminated soils and mine tailings. 
Journal of Environmental Quality, 45(3), 993–1002. 
https://doi.org/10.2134/jeq2015.05.0222

46.	Paramonov, A., Ablieieva, I., Vaskina, I., Lysytska, 
A., Makarenko, N. (2024). The efficiency of organic 
pollutants degradation in the process of anaerobic 
digestion of feedstocks with different origin. Ecolog-
ical Safety and Balanced Use of Resources, 15(1), 
24–38. https://doi.org/10.69628/esbur/1.2024.24

47.	Petrushka, K., Malovanyy, M. S., Skrzypczak, D., 
Chojnacka, K., Warchoł, J. (2024). Risks of soil pol-
lution with toxic elements during military actions in 
Lviv. Journal of Ecological Engineering, 25(1), 195–
208. https://doi.org/10.12911/22998993/175136

48.	Rodríguez-Seijo, A., Fernández-Calviño, D., Ari-
as-Estévez, M., Arenas-Lago, D. (2024). Effects of 
military training, warfare and civilian ammunition 
debris on the soil organisms: An ecotoxicological 
review. Biology and Fertility of Soils, 60(6), 813–
844. https://doi.org/10.1007/s00374-024-01835-8

49.	Sharma, K., Sharma, P., Sangwan, P. (2023). Bi-
oremediation of RDX and HMX contaminated soil 
employing a biochar-based bioformulation. Car-
bon Research, 2(1), 33. https://doi.org/10.1007/
s44246-023-00068-y

50.	Siddiqui, S. (2025). Unlocking the environmen-
tal potential of biochar: Production, applications, 
and limitations. Frontiers in Sustainable Food 
Systems, 9, 1569941. https://doi.org/10.3389/
fsufs.2025.1569941

51.	Sipko, I., Ablieieva, I. (2024). Systematic approach 
to the formation of quality and environmental safety 
of biofertilizer from digestate. Environmental Pro-
blems, 9(3), 123–135. https://doi.org/10.23939/
ep2024.03.123

52.	Soja, J., Oniszczuk, T., Vaskina, I., Combrzyński, 
M., Wójtowicz, A. (2024). Integration of plant 
pomace into extruded products: Analysis of process 
conditions, post-production waste properties and bi-
ogas potential. Energies, 17(24), 6476. https://doi.
org/10.3390/en17246476

53.	Solokha, M., Demyanyuk, O., Symochko, L., Mazur, 
S., Vynokurova, N., Sementsova, K., Mariychuk, 
R. (2024). Soil Degradation and contamination due 
to armed conflict in Ukraine. Land, 13(10), 1614. 
https://doi.org/10.3390/land13101614

54.	Temple, T., Cipullo, S., Galante, E., Ladyman, M., 
Mai, N., Parry, T., Coulon, F. (2019). The effect of 
soil type on the extraction of insensitive high explo-
sive constituents using four conventional methods. 
Science of The Total Environment, 668, 184–192. 
https://doi.org/10.1016/j.scitotenv.2019.02.359

55.	Vaskina, I., Pochwatka, P., Vaskin, R., Adamski, 
M., Nowak, M., Dach, J. (2025). Ukraine’s biogas 
potential: A comprehensive assessment of energy 
yields and of feedstock availability. Sustainable 
Energy Technologies and Assessments, 81, 104412. 
https://doi.org/10.1016/j.seta.2025.104412

56.	Wang, W., Lee, D.-J. (2021). Valorization of an-
aerobic digestion digestate: A prospect review. 
Bioresource Technology, 323, 124626. https://doi.
org/10.1016/j.biortech.2020.124626

57.	Wang, Y., Yu, G., Xie, S., Jiang, R., Li, C., Xing, Z. 
(2023). Pyrolysis of food waste digestate residues 
for biochar: Pyrolytic properties, biochar charac-
terization, and heavy metal behaviours. Fuel, 353, 
129185. https://doi.org/10.1016/j.fuel.2023.129185

58.	Zhang, K., Deng, Y., Liu, Z., Feng, Y., Hu, C., Wang, 
Z. (2023). Biochar facilitated direct interspecies 
electron transfer in anaerobic digestion to alleviate 
antibiotics inhibition and enhance methanogenesis: 
A review. International Journal of Environmental 
Research and Public Health, 20(3), 2296. https://
doi.org/10.3390/ijerph20032296

59.	Zhao, Z., Li, Y., Zhang, Y., Lovley, D. R. (2020). 
Sparking anaerobic digestion: promoting direct 
interspecies electron transfer to enhance methane 
production. iScience, 23(12), 101794. https://doi.
org/10.1016/j.isci.2020.101794


