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H I G H L I G H T S G R A P H I C A L A B S T R A C T

• Hydrochar and biochar enhance the
retardation of pesticides in sandy allu-
vial soil.

• Aryl-C makes up approximately 80 % of
the total carbon content in the biochars.

• The addition of Bacillus megaterium BD5
increases microbial abundance and
activity.

• Proteobacteria and Firmicutes are
dominant phyla in column soil.
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A B S T R A C T

The rapid global population growth since the early 2000s has significantly increased the demand for agricultural
products, leading to widespread pesticide use, particularly organophosphorus pesticides (OPPs). This extensive
application poses severe environmental risks by contaminating air, soil, and water resources. To protect
groundwater quality, it is crucial to understand the transport and fate of these pesticides in soil and sediment.
This study investigates the effects of hydrochars and biochars derived from sugar beet shreds (SBS) and Mis-
canthus×giganteus (MIS) on the retardation and biodegradation of OPPs in alluvial Danube sandy soil. The
research is novel in its approach, isolating native OPP-degrading bacteria from natural alluvial sandy soil,
inoculating them onto chars, and reapplying these bioaugmented chars to the same soil to enhance biodegra-
dation and reduce pesticide leaching. The amendment of chars with immobilized Bacillus megaterium BD5
significantly increased bacterial abundance and activity. Metabarcoding of the 16S rRNA gene revealed a
dominance of Proteobacteria (48.0–84.8 %) and Firmicutes (8.3–35.6 %). Transport modeling showed retar-
dation coefficients (Rd) for OPPs ranging from 10 to 350, with biodegradation rates varying between 0.05 % and
75 %, indicating a positive correlation between retardation and biodegradation. The detection of biodegradation
byproducts, including derivatives of phosphin, pyridine, and pyrazole, in the column leachate confirmed that
biodegradation had occurred. Additionally, principal component analysis (PCA) revealed positive correlations
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among retardation, biodegradation, specific surface area (SSA), aldehyde/ketone groups, and bacterial count.
These findings demonstrate the potential of biochar and hydrochar amendments to enhance OPP immobilization
in contaminated soils, thereby reducing their leaching into groundwater. This study offers a comprehensive
approach to the remediation of pesticide-contaminated soils, advancing both our fundamental understanding and
the practical applications of environmental remediation techniques.

1. Introduction

The rapid expansion of the global population since the early 2000s
has increased the demand for agricultural produce, resulting in wide-
spread usage of pesticides to ensure high crop yields and quality [1].
Annually, more than 20,000 tons of chemical pesticides are applied
worldwide, with significant proportions used in the United States and
Europe [2]. While pesticides play a crucial role in boosting agricultural
productivity, their extensive application poses environmental risks,
including contamination of air, soil, groundwater, and surface water.
Various types of pesticides are utilized, such as organophosphorus pes-
ticides (OPPs), known for their efficacy and relatively short environ-
mental persistence compared to organochlorine pesticides (OCPs).
Despite being considered as a safer alternative, OPPs still contribute to
environmental pollution due to their widespread use in farming and
industrial activities [3]. Studies suggest that with rising temperatures,
pesticide use is expected to increase further, exacerbating ecological
concerns [3,4].

Understanding the transport of these pesticides in soil and sediment
is crucial as it directly impacts the quality of groundwater, a vital source
of drinking water. This transport is primarily governed by sorption and
biodegradation processes, which determine the fate and behavior of
pollutants in the soil/sediment environment. Thus, investigating these
processes and mechanisms are essential for assessing the risk of haz-
ardous substances contaminating drinking water sources [5–8].

To prevent the spread of pollutants through the subsurface, various
approaches can be employed [9]. Regarding soil remediation, carbon-rich
materials such as biochar and hydrochar offer several benefits, such as
carbon sequestration, improved soil fertility, and contaminant immobili-
zation [10,11]. Combining contaminant-degrading microbe inoculation
with hydro- and biochars amendment can enhance the biological degra-
dation of pesticides, which offers a promising method for soil remediation
[12]. This process entails immobilizing pollutants at and within the bio-
char allowing their degradation by microbes that are inoculated onto the
chars. The adsorption of the organic contaminants helps further prevent-
ing their leaching into groundwater [13,14].

Numerous studies have explored the environmental uses of biochar
for soil and water remediation and carbon sequestration. For example,
Kookana et al. [15] demonstrated biochar’s effectiveness in reducing the
bioavailability of organic contaminants in soil, while Novak et al. [16]
highlighted its role in improving soil fertility and water retention. Bolan
et al. [17,18] further investigated biochar’s capacity for heavy metal
immobilization, emphasizing its multifunctionality in soil amendment.
In addition to its role in soil amendment, char has shown promise as a
carrier for microbial inoculants aimed at enhancing pollutant degrada-
tion. Research by Ajeng et al. [19], Wu et al. [20], Bolan et al. [18],
Mahmood Al-Nuaimy et al. [21], and Kamalesh et al. [22] has focused
on techniques for immobilizing microorganisms onto chars, categorized
into physical and chemical methods [23]. These studies have primarily
examined strains originating from contaminated and agricultural soils
influenced by organophosphorus pesticides (OPPs) (Liang et al., 2019;
Kumar, 2018; [24]; Varyani et al., 2019).

Despite extensive research on biochar and its various applications, a
significant gap remains in the literature regarding the isolation and
application of OPPs-degrading bacteria from natural alluvial sandy soil.
Since the fate of OPPs in this area is less explored, particularly in sen-
sitive regions like bank filtration zones, this study addresses that gap by
introducing an innovative approach: for the first time, native strains of

OPPs-degrading bacteria isolated from alluvial sandy soil [7] were used
to inoculate biochar and hydrochar. These colonized chars were then
reintroduced into the same sandy soil to prevent pesticide leaching and
enhance biodegradation. The novelty lies in reintroducing an autoch-
thonous soil strain, already adapted to the local conditions, into its
original environment in greater numbers—a strategy not previously
explored in the context of riverbank sandy alluvial soils.

The main objective of this study was to determine whether biochars
and hydrochars, inoculated with native bacterial strains, could prevent
pesticide leaching to groundwater and effectively remediate the soil. To
achieve this, biochars and hydrochars derived from two different raw
biomasses were inoculated with the native microbial strain and mixed
with the original alluvial soil. These mixtures were then packed into
stainless steel columns to investigate the transport and potential
biodegradation of OPPs.

To confirm and explore the types of interactions involved in this
process, all chars were characterized by solid-state Nuclear Magnetic
Resonance (NMR) and Thermogravimetric Analysis (TGA). Addition-
ally, Principal Component Analysis (PCA) was conducted to understand
the complex interactions between physical, chemical, and microbio-
logical factors and their impact on OPPs behavior. This comprehensive
analysis is crucial for advancing knowledge in soil remediation and for
scaling up experimental approaches beyond the laboratory scale.

This research not only provides a unique and extensive overview of
over 40 observations—spanning physical, chemical, and microbiolog-
ical factors—but also represents a significant advancement in under-
standing the complex interactions affecting OPPs in soil. By focusing on
native bacterial strains adapted to local conditions, this study offers a
novel approach to enhancing biodegradation and preventing pesticide
leaching, creating opportunities for future large-scale applications.

2. Materials and methods

2.1. Sample material

Miscanthus×giganteus (MIS) and sugar beet shreds (Beta vulgaris, SBS)
were utilized as biomass for hydrothermal carbonization (HTC) and
pyrolysis. The selection of these feedstocks was based on their distinct
chemical compositions, which influence the physicochemical charac-
teristics of the resulting chars. Both materials are rich in cellulose,
hemicellulose, and lignin but differ in their relative concentrations: beet
shreds contain approximately 30% cellulose and hemicellulose, while
miscanthus has about 41.2 % [25,26]. These differing proportions
impact the behavior of the biomass during HTC and pyrolysis, with
cellulose and hemicellulose producing volatile organic compounds at
elevated temperatures [27]. Miscanthus, with its higher content of these
components, is expected to exhibit different changes in surface area and
carbon content compared to beet shreds. Understanding these differ-
ences is crucial for tailoring the physicochemical properties of the chars
for various applications such as water treatment, soil amendment, and
catalyst preparation.

HTC was carried out in a laboratory autoclave (Carl Roth, Model II)
under high pressure, with a biomass-to-ultrapure water ratio of 1:15.
The suspensions were heated to 180, 200, and 220 ◦C and agitated at
150 rpm. The resulting hydrochars from MIS and SBS were denoted as
HTC_M_180; HTC_M_200; HTC_M_220; HTC_S_180; HTC_S_200, and
HTC_S_220. A more detailed procedure of hydrochars production on
selected temperatures is given in our previous paper [28] and by other
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authors [29] and [30]. For biochar production, the biomass underwent
slow pyrolysis at 400 ◦C in a Model Naberthem S27. The resulting bio-
chars from Miscanthus and sugar beet shreds were designated as B_M
and B_S, respectively. The selected pyrolysis temperature range reflects
the chemical composition of the feedstocks used. Specifically, the
investigated feedstocks (SBS and MIS) are predominantly composed of
cellulose and hemicelluloses. As a result, lower and more cost-effective
pyrolysis temperatures (below 500 ◦C) are suitable [25,26]. This tem-
perature range ensures efficient conversion of the biomass into biochar
with abundant active binding sites and oxygen functional groups, which
enhances adsorption efficiency. Additionally, the feasibility of produc-
ing biochar at an attractive price point for investors is more accepted in
the regional agricultural market. Further details on the process param-
eters can be found in our previous publication Kragulj Isakovski et al.
[7], but the basic physical (specific surface area, average pore diameter,
and pore volume) and chemical (elemental analysis) characteristics of
biochar and hydrochars are provided in the Supplementary material,
Table 1.

A sandy soil was collected from the Danube River at the drinking
water source "Petrovaradinskaada" near Novi Sad (45.261437,
19.866364) following sampling methods ISO 10381–2:2002 and ISO
18512:2007. The organic matter (OM) content was assessed using SRPS
EN 12879:2007, while total organic carbon (TOC) was determined with
a TOC analyzer (liquiTOCII, Elementar, Germany) following ISO
10694:1995. Our previous paper Kragulj Isakovski et al. [7] provides a
detailed description of the methods used and a full characterization of
the soil.

2.2. Characterization of the soil and organic soil amendments (OSA)

The solid-state 13C NMR spectra of the soil and the hydro and biochar
were obtained with a Bruker (Rheinstetten, Germany) Avance III HD
400 MHz wide bore spectrometer, using a triple resonance broadband
probe and zirconium rotors of 4 mm OD with KEL-F-caps and applying
the variable amplitude cross polarization (CP) technique with a contact
time of 1 ms and a magic-angle spinning (MAS) speed of 14 kHz. The
spectra of the chars we obtained after acquiring between 4000 and 10
000 scans with a pulse delay was 1 ms. The chemical shift was refer-
enced to the TMS scale and adjusted using the carboxyl C of glycine
(176.04 ppm). The spectrum of the soil was obtained after demineral-
ization with 10% hydrofluoric acid according to [31].

For quantification, solid-state 13C NMR spectra of soils were divided
into four to six chemical shift regions (Knicker 2011c). The range from
220 to 160 ppm is associated with carbonyl/carboxyl C. Between 160
and 110 ppm, sp2C resonances (aryl C or olefin C) are observed. This
segment can be further divided into two parts: the O-aryl or phenol C
region (160–140 ppm), which includes signals from aryl C or olefins C
substituted by O, N, or C, and the aryl C region (140 to 110 ppm), mainly
contributed by unsubstituted C. However, here one has to bear in mind
that in some aromatic C are also contributing to the region 110 to 90
ppm which overlaps with the signals of anomeric C in carbohydrates.
Therefore, in the samples of the charred residues this region was
assigned to aromatic C whereas in the spectrum of the soil this region
was attributed to O-alkyl C. The core O-alkyl C region ranges from (90 to
60 ppm) and includes signals from carbohydrates, alcohols, and ethers.
Signals of N-alkyl C as they occur in amino acids or amino sugars
resonate between 60 and 45 ppm, the region which also shows signal of
methoxyl C. Resonances between 45 and 0 ppm are attributed to alkyl C
in fatty acids, amino acids, or paraffinic structures). Owing to insuffi-
cient averaging of the chemical shift anisotropy of aromatic C at a
spinning speed of 14 kHz, spinning side bands of their main signal were
created at a frequency distance of the spinning speed at both sides of the
central signal. They were considered by adding their intensities to that of
the parent signal as described in [32].

TGA and its derivative (DTGA) were conducted using the Discovery
SDT 650 - Simultaneous TG-DSC device (TA Instruments). In this

process, 5 mg of each sample was placed in an open alumina crucible,
which was previously weighed, and subjected to a nitrogen atmosphere
with a flow rate of 50 mL/min, which was reduced to 10 mL/min within
the microfurnace. The samples were then heated and scanned at a rate of
20 K/min, ranging from 50 ◦C to 850 ◦C. The total loss on ignition
(TG_tot, %) was calculated by integrating the TG curve (expressed in
Wg-1) from 50 ◦C to 850 ◦C. The TG curve was divided into five distinct
sections, each corresponding to different thermal oxidation resistance
levels [33]: (i) 50–105 ◦C, (ii) 105–200 ◦C, (iii) 200–400 ◦C, (iv)
400–600 ◦C, and (v) 600–850 ◦C. These sections yielded partial weights
labeled W1 through W5corresponding with the relative amounts of
moisture, very labile, labile, intermediate, and recalcitrant organic
matter+minerals fractions, respectively. Data on TG, DTGA curves, and
mass loss were collected and analyzed using TRIOS software (T.A.
Instruments).

2.3. Bacterial biofilm formation on adsorbent

Before commencing the column experiments, it was imperative to
inoculate biochar and hydrocharsamples with the BD5 strain, creating
an inoculated adsorbent for subsequent utilization in all column and
batch experiments. The biochars colonized by BD5 were meticulously
examined using scanning electron microscopy (SEM). A procedure was
initiated by inoculating a tube containing 3 mL of LB broth with the BD5
strain to achieve an initial optical density (OD600) of 0.1, followed by
the addition of 50 mg of either biochar or hydrochar. The mixture was
then incubated for 24 h at 26 ◦C and 150 rpm to facilitate the immo-
bilization of vegetative cells on the materials. Post-incubation, 1 mL of
the mixture was thrice washed with saline solution to detach unbound
cells. The resulting pellets were fixed in 200 µL of 2.5% glutaraldehyde
solution for 30 min at ambient temperature and subsequently rinsed
thrice with phosphate buffer solution. The supernatant was discarded
post-centrifugation at 500 g for 5 min, and the pellet was subjected to
SEM analysis using a Jeol JSM–6460LV microscope (Tokyo, Japan).
Additionally, a pure culture of BD5 was prepared for SEM analysis by
pelleting 1 mL of an overnight LB broth culture and employing the afore
mentioned fixation protocol. The isolation and identification method-
ologies for the BD5 strain have been comprehensively documented in
our previous work, Kragulj Isakovski et al. [7]. Strain B. megaterium BD5
was successfully immobilized on all 8 materials in the form of vegetative
cells. This was confirmed by scanning electron microscopy
(Supplementary material, Fig. 5). Cells were detected on the surfaces of
all materials even after multiple washing procedures, indicating they are
firmly attached to the materials.

2.4. Column experiment

Transport experiments were conducted in stainless-steel columns (4
cm diameter, 20 cm length) filled with soil amended with various chars
previously inoculated with a biofilm of Bacillus megaterium BD5.

The biofilm was prepared by inoculating 12 mL of LB medium to a
starting OD600 of 0.1 and adding 1.75 g of materials. The mixture was
then incubated at 26 ◦C and 150 rpm for 24 h and, washed twice with
saline. The resulting pellet containing materials with bound cells was
then resuspendedin in 12 mL of saline. One milliliter of this suspension
was used for microbiological analyses, while the remaining 11 mL
(containing 1.65 g of material) was mixed with approximately 320 g of
soil resulting in 0.5% loading w:w.

In the setup, dry amended sandy soil was added from the top, and a
background solution of 0.01 M CaCl2 was introduced from the bottom
using a peristaltic pump for uniform packing. To assess the impact of
biochar and hydrochars on pesticide transport, 0.5% of these adsorbents
was added. Before introducing thiourea as a tracer, DOC levels and UV
absorbance at 254 nm [7] were consistently below 0.5 mg/L and 0.01,
respectively, indicating minimal presence of organic matter (Table 3 in
Supplementary materials). These stable measurements suggest that the
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char used in the experiment is highly stable and does not release sig-
nificant amounts of dissolved organic matter. Following this, we intro-
duced thiourea as a tracer at a concentration of approximately 4 mg/L.
Eluates were collected and analyzed using a UV-Vis spectrophotometer
(λ = 235 nm), with analysis ending when the thiourea concentration
matched the initial. Pesticide-containing solutions were passed through
the column, and eluates were collected for pesticide concentration
analysis using gas chromatography with mass spectrometry (GC/MS,
Agilent 7890 A/5975 C). Additionally, the experiments were conducted
under dark conditions using a stainless-steel column, amber bottles, and
aluminum foil to prevent photoactivation. This precaution was neces-
sary because dissolved black carbon, potentially derived from biochar,
can absorb solar light and produce reactive species that react with
contaminants.

Data processing for the transport model in this study is grounded in
the analytical solution of the advection-dispersion equation (ADE),
which integrates sorption and biodegradation processes according to a
first-order rate law [34]. The model used involves fitting three param-
eters from each experimental breakthrough curve. The retardation fac-
tor (Rd) determines the position of the breakthrough curve on the time
axis. In cases of biodegradation, the outlet concentration does not reach
the initial concentration, and the level of the resulting concentration
plateau is influenced by the degradation rate (λ). The effective dis-
persity, αeff, influences the sharpness of the breakthrough curve. The raw
data used for software modeling is available as open data sets
(https://doi.org/10.5281/zenodo.11235315). Principal componenet
analysis (PCA) was conducted using PAST 3.22, including the 22 phys-
icochemical properties of the amended soils and retardation and
biodegradation of the OPPs.

2.5. Viable bacterial count and enzymatic activity determination

At the start and end of column experiments bacterial counts, enzy-
matic activities (catalase, dehydrogenase, and phosphatase) and com-
munity level physiological profile (CLPP) of microbial community by
use of ECOLOG plates were determined.

Bacterial counts (count of cultivable heterotrophic bacteria) in soil
and eluate (data not shown) were determined by a spread plate method
on yeast extract agar after incubation at 26 ◦C for 5–7 days. Enzymatic
activities were determined by standard methods and expressed per gram
of dry mass. Catalase activity was determined by standard permanga-
nometric method [35–37], while acid and alkaline phosphomonesterase
and dehydrogenase activity were determined by standard spectopho-
tometric methods [38–40].

ECOLOG community level physiological profiles were determined
according to manufacturer instructions (Biolog, U.S.A.). First, soil was
diluted 1:10 in sterile saline and 130 µL of dilution was inoculated into
ECOLOG plates. Plates were incubated at 26 ◦C up to 7 days and
absorbance at 590 nm was read daily by microplate spectrophotometer
(Multiskan GO, Thermo Fisher Scientific. Results were analysed by PCA
(principal component analysis) of corrected transformed average well
color development (AWCD) data [41–43] using ClustVis web tool [44].

2.6. Bacterial community analysis by 16S rRNA gene metabarcoding

Samples from the columns were collected at the end of experiment
and preserved by freezing in liquid nitrogen and stored at − 75 ◦C until
DNA extraction. Total DNA was extracted using DNeasyPowerSoil Pro
Kit (Qiagen, Netherlands) according to the manufacturer instructions.

Sequencing was commercially performed at the Institute for Molec-
ular Medicine Finland (FIMM) of the University of Helsinki, Finland by
protocol for 2 × 300 paired-end sequencing on Illumina MiSeq
sequencer according to standard manufacturer instruction (Illumina,
USA). Earth Microbiome primers for hypervariable V4 region of 16S
rRNA gene were used: [45,46].

Sequencing data were analyzed using the Quantitative Insights Into

Microbial Ecology 2 pipeline (QIIME2) [47–49]. Taxonomic classifica-
tion was done by primer-specific classifier for 515-F (Apprill) - 806-R
(Parada) primer pair, trained on SILVA 138 database commonly used
for 16S rRNA region [50,51].

3. Results and discussion

3.1. Organic matter characterization of the soil and OSAs

The soil used in this study is characterized as a sandy material with
low organic matter and TOC contents of 1.02 % and 0.24 %, respec-
tively. The soil mainly consists of sand particles with diameters of
0.200–0.500 mm (>65 %), followed by fine sand (15.5 %) and clay
(<10 %). With a permeability of 4.92⋅10–3 cm/s as expected highly
permeable.

TGA thermograms are shown in Supplementary material, Fig. 1. The
TGA profiles generated for various materials in this investigation display
unique characteristics, reflective of their distinct compositions and
structural attributes. The TGA profiles are divided into three distinct
groups: soil, hydrochars, and biochars (Supplementary material, Fig. 2),
which underscores the differential thermal degradation behaviors
intrinsic to each material type. Notably, hydrochars are characterized by
a substantial fraction of labile organic matter, constituting 63 % to 78 %
of their total content (Fig. 1), indicating a predominance of readily
decomposable organic constituents. This observation aligns with find-
ings from Vučurović [26], which highlighted the abundance of sugars,
such as cellulose, hemicellulose, and reducing sugars, in hydrochars.
These sugars are prone to rapid decomposition at relatively low tem-
peratures, contributing to the significant mass reduction observed dur-
ing the labile organic matter phase.

In contrast, biochars exhibit a lower proportion of labile organic
matter (11 %), suggesting enhanced stability and resistance to thermal
degradation. The mass loss in biochars, between 26 % and 29 % at the
intermediate organic matter phase, indicates a mild degree of conden-
sation. The sequence of thermal stability among the studied adsorbents
is as follows: hydrochar < biochar < soil, with this pattern being pre-
dominantly dictated by the mineral composition of the sandy soil. The
high presence of minerals in the sandy soil enhances its thermal stability
by acting as thermal buffers that absorb and distribute heat, thus
reducing the rate of organic matter decomposition.

Additionally, the enhanced thermal stability observed by TGA, with
the relative amounts of intermediate and recalcitrance phases, appears
to be associated with increased aromaticity, as demonstrated by NMR
findings, and decreased oxygen content, highlighted by the inverse

Fig. 1. The relative share of different fractions of organic matter and the total
mass loss in the soils, hydrochars and biochars.
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relationship with oxygen-containing functional groups. This connection
implies that the thermal behavior of organic matter in TGA is predom-
inantly influenced by its aromatic constituents and oxygenated func-
tional groups, as delineated through the characterization with NMR
spectroscopy.

The distinct thermal behaviors of hydrochars, biochars, and soil
organic matter emphasize the importance of considering the composi-
tion and structure of organic matter when investigating thermal char-
acteristics. These findings are corroborated by prior research [52,53],
illustrating how organic matter composition influences stability and
decomposition, affecting its environmental behavior and interactions.

The NMR spectra of the soil show the typical signals expected for soil
organic matter in an advanced stage of humification, which is deter-
mined by considerable intensity assignable to carboxyl C (173 ppm) and

a high alkyl C/O-alkyl ratio of 1.4. The latter indicates that carbohy-
drates such as hemicellulose or cellulose that dominate the C composi-
tion of fresh plant litter or roots have been degraded or converted into
alkyl C, most likely microbial biomass. The low alkyl C/carbonyl C ratio
of 2 suggests that most of the alkyl C occurs in peptide-like structures
[54]. The high contribution of aromatic C of 31 % can be derived from
the accumulation of lignin residues but may have also some contribution
of char residues introduced to the soil during former vegetation fires.

Hydrothermal carbonization leads to a loss of carboxylic C which can
explain the 13 C intensity between 185 and 160 ppm in the NMR spectra
of the hydrochars [55]. Transformation of the cellulose and hemicellu-
lose of the feedstock into furans is indicated by the clear signal at
147 ppm [56] and the relative high contribution of aromatic C of 20 to
30 % of the total C if compared to vegetal feedstocks. Note that the

Table 1
Transport parameters of selected pesticides through sandy soil and in the presence of inoculated biochar and hydrochars.

Column Compounds Water permeability
Vw (m/h)

Retardation
factor,
Rd

Effective
dispersivity,
αeff

Biodegradation, λ

Soil Thiourea 1.00 1 0.025 0
Fenthion 1.00 50 0.03 1
Disulfoton 1.00 50 0.08 1.2
Parathion-methyl 1.00 60 0.07 1.3
Fenitrothion 1.00 55 0.07 1.4
Malathion 1.00 45 0.03 1.3

Alluvial soil +
HTC_M_180

Thiourea 0.760 1 0.03 0
Fenthion 0.760 100 0.7 10
Disulfoton 0.760 10 0.1 3.7
Parathion-methyl 0.760 60 0.5 0
Fenitrothion 0.760 50 0.15 2.3
Malathion 0.760 15 0.1 1.7

Alluvial soil +
HTC_M_200

Thiourea 0.760 1 0.04 0
Fenthion 0.760 25 0.09 0.1
Disulfoton 0.760 18 0.08 0.1
Parathion-methyl 0.760 15 0.09 0.4
Fenitrothion 0.760 125 0.35 2.7
Malathion 0.760 15 0.1 0.05

Alluvial soil +
HTC_M_220

Thiourea 1.56 1 0.015 0
Fenthion 1.56 55 0.1 8.5
Disulfoton 1.56 50 0.1 12
Parathion-methyl 1.56 50 0.08 4.5
Fenitrothion 1.56 60 0.09 3
Malathion 1.56 55 0.1 2.2

Alluvial soil +
B_M

Thiourea 0.828 1 0.002 0
Fenthion 0.828 60 0.2 1
Disulfoton 0.828 15 0.1 3.2
Parathion-methyl 0.828 40 0.2 0.2
Fenitrothion 0.828 100 0.3 3.3
Malathion 0.828 40 0.1 2.2

Alluvial soil +
HTC_S_180

Thiourea 0.500 1 0.002 0
Fenthion 0.500 10 0.1 5
Disulfoton 0.500 20 0.1 2
Parathion-methyl 0.500 10 0.1 2.5
Fenitrothion 0.500 10 0.1 2.3
Malathion 0.500 200 0.9 4.3

Alluvial soil +
HTC_S_200

Thiourea 0.600 1 0.02 0
Fenthion 0.600 30 0.2 1.7
Disulfoton 0.600 150 0.1 2
Parathion-methyl 0.600 55 0.2 2.7
Fenitrothion 0.600 55 0.5 1.7
Malathion 0.600 55 0.3 1.5

Alluvial soil +
HTC_S_220

Thiourea 0.600 1 0.006 0
Fenthion 0.600 55 0.3 5.5
Disulfoton 0.600 20 0.1 3
Parathion-methyl 0.600 50 0.3 2
Fenitrothion 0.600 45 0.3 2.5
Malathion 0.600 45 0.3 3

Alluvial soil +
B_S

Thiourea 0.980 1 0.03 0
Fenthion 0.980 35 0.008 6.2
Disulfoton 0.980 45 0.01 5
Parathion-methyl 0.980 75 0.1 1.5
Fenitrothion 0.980 15 0.1 1.7
Malathion 0.980 350 0.02 75
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hydrochars of MIS depict a higher aromatization (relative content of
aromatic C), but a lower relative content of alkyl C than the hydrochars
of SBS pointing to the impact of the chemical composition of the feed-
stock on the nature of the pyrolyzed product.

The high temperatures applied during dry pyrolysis are responsible
for a more pronounced change of the chemical structure towards
increasing aromaticity. Around 80 % of the total C of the biochars can be
attributed to aryl C. The small shoulder at 154 ppm reveals that the
presence of phenol C. It was suggested that they are formed during
thermally induced condensation of furan structures at pyrolysis tem-
peratures above 400 ◦C [56]. These aromatic structures are commonly
related to their biochemical recalcitrance and made responsible for the
longevity of biochar in soils.

Pyrolysis leads to dehydration and condensation which increases the
aromaticity. The smaller residues that were cut off from the cellulose
strain are lost by volatilization or by their transformation into CO2. The
latter comprise the thermally labile fraction. This fraction is lost both for
the NMR but also will not be analyzed by TGA. Thus, the NMR shows the
structures that were stable enough to survive pyrolysis. Those structures
should also show “stable behavior” in the TGA.

3.2. Column experiment

Column experiments study the effects of addition of specific chars on
the transport of OPPs through sandy soil. The breakthrough curves for
fenthion, disulfoton, parathion-methyl, fenitrothion, and malathion,
along with a tracer (thiourea), are shown in Supplementary material,
Fig. 3. Statistical analysis confirms no significant differences between
three replicates (P > 0.05) based on One-way ANOVA.

The symmetrical breakthrough curve for tracer thiourea confirms
that there are no physical nonequilibrium processes within the porous
media. Transport parameters (retardation coefficients, Rd) and biodeg-
radation rates (λ) for OPPs) through the columns are determined using
TransMod software (Table 1). Retardation coefficients for all OPPs in
sandy soil are similar, ranging from 45 to 60, while biodegradation
coefficients show even more similarity, ranging from 1.5 to 2. The
steepness of the breakthrough curve indicates the extent of nonlinear
sorption. Mobility of fenthion through only sandy soil (αeff=0.03) ex-
hibits steeper breakthrough curves compared to disulfoton and methyl-

parathion (αeff=0.7–0.8), indicating a lower degree of nonlinear sorp-
tion for both pesticides. Moreover, incomplete breakthrough curves for
all OPPs suggest the presence of biodegradation in the column.

For the column filled only with sandy soil, the retardation co-
efficients do not correlate with the hydrophobicity of the compounds
(R2~0.2, not shown). This suggests that the retention mechanism of
organophosphorus pesticides (OPPs) cannot be solely attributed to hy-
drophobic interactions between the compounds and the SOM. This
discrepancy in sandy soil may be due to the low levels of SOM (TOC
content 0.24 %), which contain a higher proportion of O-alkyl func-
tional groups (28 %) as indicated by NMR results (Fig. 2). These findings
are consistent with recent literature that emphasizes the complex nature
of sorption processes on SOM and the need to consider additional factors
beyond hydrophobic interactions [57]. Apostolović et al. [58] demon-
strated through PCA that sorption could be influenced by physical pa-
rameters of the sorbents, such as specific surface area (SSA) and clay
content. In contrast, the H/C ratio exhibited the lowest loading, indi-
cating a lesser impact on sorption behavior.

Further column studies are being conducted to investigate the in-
fluence of different inoculated hydrochars and biochars on overall
retention in a sandy column, using the same experimental approach as
with the columns packed solely with soil. Since previous results have
shown that biodegradation or biosorption occurs in sandy soil columns,
the aim is to enhance the biosorption/biodegradation potential of
hydrochar and biochar by introducing bacteria capable of degrading
organophosphorus pesticides. These bacteria are isolated from sandy
soil and colonized onto these materials as confirmed by SEM
(Supplementary material, Fig. 5).

As expected, the addition of hydrochars and biochars increases the
retardation of all investigated OPPs compared to the retardation co-
efficients obtained for the column filled only with sandy soil, mostly by
one or two times, except for malathion (Table 1). Additionally, the ob-
tained Rd values for the tested compounds are not consistent with their
hydrophobicity. There are no observed correlations between the Rd
values of OPPs and the compounds’ hydrophobicity expressed as logKOW
(octanol-water coefficient), except for hydrochar from miscanthus at
180 (R2=0.792) (data not shown). These findings directly demonstrate
that the incorporation of inoculated carbon-rich materials could sub-
stantially enhance retardation throughout the column, likely

Fig. 2. 13C NMR spectra of soil, hydrochars and biochars.
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attributable to biosorption.
Comparing the biodegradation coefficients for all the investigated

compounds using a first-order rate law, the inclusion of chars boosts the
biodegradation of the examined compounds by up to tenfold, except for
malathion when biochar from SBS is present. Top of Form.

A positive correlation was found between the retardation and
biodegradation coefficients (R2 > 0.7), indicating that the increase in
biodegradation was consistent with the retardation of compounds in the
column (Fig. 3).

The retention of pesticides on adsorbents inoculated with BD5 sug-
gests that an initial step in biodegradation may involve the attachment
of OPPs to biochars and hydrochars, which then facilitates further
biodegradation. This mechanism is supported by our previous study [7],
which showed that the presence of carbon-rich materials could enhance
both the adsorption and biodegradation of OPPs.

The chemical structure of biochars and hydrochars is crucial in their
interaction with OPPs. Biochars, characterized by their π-electron-rich
regions (about 80 % attributed to aryl C), are particularly effective at
forming π–π interactions with OPPs. These π-electrons, present in the
aromatic structures of biochars, create electron-rich areas that can
attract and stabilize the π-electrons in the aromatic rings of OPPs. This
interaction could be described as stacking two flat surfaces together,
where the aligned aromatic rings enhance the adsorption of these
compounds onto biochar surfaces. Recent studies have corroborated the
efficacy of biochars in adsorbing organic pollutants through π–π in-
teractions. For instance, Zhou et al. [59] demonstrated that biochars
derived from agricultural residues exhibited strong π–π interactions with
polycyclic aromatic hydrocarbons (PAHs), similar to the interaction
mechanism observed with OPPs. This supports the idea that the aro-
matic structure of biochars plays a central role in pollutant adsorption,
particularly for compounds with aromatic characteristics.

In contrast, hydrochars exhibit a unique chemical composition with
higher proportions of anomeric carbon, O-alkyl groups, methoxyl
groups, and N-alkyl carbon (65 % of the identified functional groups as
shown by NMR). While these functional groups can promote electron
donor-acceptor (EDA) interactions with OPPs, the most significant

mechanism for hydrochars could be hydrogen bonding.
Hydrochars possess hydroxyl (–OH) groups that act as hydrogen

donors, interacting with phosphate groups in OPPs, which function as
hydrogen acceptors. This hydrogen bonding interaction provides a
strong and stable binding between the hydrochar surface and OPPs,
analogous to a magnet attracting and holding onto an object. This
mechanism enhances the adsorption capacity of hydrochars, making
them particularly effective in capturing and retaining these pollutants.

The role of hydrogen bonding is further supported by a study from
Du et al. [60], which highlighted the importance of hydrogen bonding in
enhancing the adsorption of organophosphorus compounds on chars
with high hydroxyl group content. This aligns with our findings that
hydrogen bonding is a critical factor for effective adsorption in
hydrochars.

However, the presence of anomeric carbon in hydrochars shows a
negative correlation with the retardation and biodegradation of OPPs
(Fig. 6). This observation suggests that higher levels of anomeric carbon
are associated with reduced effectiveness in slowing down the move-
ment and degradation of OPPs. Despite its contribution to EDA in-
teractions, the negative correlation indicates that anomeric carbon may
not be as beneficial in terms of retardation and biodegradation
compared to the hydrogen bonding mechanism.

Oxygen-containing functional groups in hydrochars play a dual role:
they not only enhance adsorption through hydrogen bonding but also
facilitate microbial activity, which aids in the breakdown of pollutants.
Recent research by Li et al. [61] emphasis this significance, showing that
electrostatic and hydrogen-bonding interactions are the primary mech-
anisms for adsorbing methylene blue onto hydrochars. This study sup-
ports the notion that hydrogen bonding is a key factor in maximizing the
environmental performance of hydrochars.

3.3. Bacterial community composition and activity in column experiments

To further assess biodegradation potential within the column, a se-
ries of microbiological and biochemical analyses were conducted. At the
start and end of experiment bacterial counts, enzymatic activities

Fig. 3. Relationship between physicochemical characteristics, biodegradation and retardation.
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(catalase, dehydrogenase, and phosphatase) and CLPP of microbial
community by use of ECOLOG plates were determined. To that, bacterial
community composition was determined by 16S rRNA gene
metabarcoding.

Cultivable bacterial counts in column mixture at the start of exper-
iment were in 105-106 CFU/g range and have increased approximately
ten-fold in all column experiments by the end of the experiment,
resulting in final counts ranging from 106 to 107 CFU/g depending on
the column (Supplementary material, Fig. 4). There was no statistically
significant difference between SBS and MIS materials nor between
hydrochars and biochars (Mann Whitney U test, p > 0.05). Slightly
higher starting counts were noted for both biochar samples (B_S and
B_M), indicating that these materials can incorporate more immobilized
cells of BD5 under the same biofilm preparation procedure, compared to
other materials. This could be attributed to their higher SSA, smaller
pore radius and presence of micropores (Table 1 in Supplementary
materials). This all could enable better bacterial colonization and
immobilization. To that, biochars have higher C content (elemental
analysis) and high aromaticity (around 70 %) which could indicate that
more carbon sources are available for microbial utilization. On the other
hand, this may also be a disadvantage, since the microorganisms may
feed on the biochar rather than on the pollutants. Higher bacteria
colonization could also be linked to the biochar’s higher content of aryl
C-H, O-aryl and carboxyl carbohydrates as determined by NMR (Fig. 2),
and higher percentage of intermediate and recalcitrant organic matter as
found by thermogravimetric analyses (Fig. 1).

It should be noted that assessing microbial count and activity via
measurement of cultivable bacterial counts has some methodological
drawbacks. Specifically, cultivable microorganisms make up only a
minor fraction of total present microorganisms (less than 1 %), as ma-
jority of microorganisms will not be cultivable under the stated labo-
ratory conditions [62]. Thus, other approaches such as 16S rRNA

metabarcoding, metatranscriptomics and metagenomics could offer
better insights into microbial community composition and functionality.

Enzyme activity values both at the start and the end of column ex-
periments were very low (Supplementary material Fig. 4). Better insight
into the metabolic state of the microbial community in the column
experiment was obtained by Ecoplates assay. Community level physio-
logical profiling (CLPP) using Ecoplates revealed that uninoculated
control soil exhibited different microbial community activity compared
to all other column mixtures which contained hydrochar/biochars and
strain BD5 (Fig. 4), as evidenced through PCA analysis of AWCD cor-
rected well absorbance values. No apparent grouping of utilized sub-
strate groups was noted based on PCA. Overall, much lower activity was
noted in control soil sample, compared to samples inoculated with
materials and BD5 strain. This all indicated that inoculation of soil with
materials loaded with biofilm of BD5 strain significantly increased
metabolic activity of microbial community, which could result in
improvement of biosorbing and biodegrading processes in the columns.
No statistically significant difference among different materials was
noted.

16S rRNA gene metabarcoding allowed detailed insight into the
structure and relative abundance of bacterial community at the end of
column experiments (Fig. 5). The most abundant bacterial phyla in all
the samples were Proteobacteria (48.0 - 84.8 %) and Firmicutes (8.3 –
35.6 %). Inoculated strain B. megaterium BD5 belongs to phylum Fir-
micutes and probably has contributed to high relative abundance of
Firmicutes. Exact detection of B. megaterium BD5 could not be accom-
plished as 16S rRNA gene metabarcoding resolution is insufficient for
reliable species level determination. However, the most predominant
genus was Bacillus with an average relative frequency of 10.2 ± 6.7 %
(Table 2 of the Supplementary material). Beside Bacillaceae, other most
frequent families were Oxalobacteraceae, Caulobacteraceae and Pseu-
domonadaceae. These families encompass various members which

Fig. 4. Community level physiological profiling of column samples at the end of experiment analysed by Ecoplates utilization patterns of 31 carbon sources after 3
days of incubation – principal component analysis.
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commonly inhabit soil, fresh andmarine aquatic environments and have
a significant role in nutrient cycling and organic matter decomposition,
including pollutants. Pseudomonas species are especially well known for
their diverse metabolic capabilities and high OPPs biodegradation po-
tential, as they produce enzymes such as phosphotriesterases and
organophosphorus hydrolase, which can break down organophosphorus
compounds [63]. As with bacterial count, enzyme activity and Ecoplate
CLPP results, there was no apparent difference among SBS and MIS
materials nor between hydrochars and biochars based on 16S rRNA
bacterial community profiling.

Biochar effect on soil microbial communities is complex and multi-
faceted, with both positive and negative outcomes depending on the
specific conditions, such as soil and biochar properties. While biochar
generally promotes microbial diversity and activity, careful consider-
ation of biochar properties, application rates, and soil characteristics is
essential to maximize its benefits and minimize potential drawbacks.
Char amendments in soil can influence microbial community composi-
tion particularly in terms of the increased relative abundance of certain
bacterial phyla such as Proteobacteria, Actinobacteria, Firmicutes,
Cyanobacteria, Bacteroidetes and Acidobacteria (Jenkings et al., 2017;

[64]). These phyla are crucial for various soil functions, including
nutrient cycling and organic matter decomposition. However, effects of
char addition can vary widely depending on initial soil community
composition, soil properties and char properties [65,66]. Our study
confirmed similar trends in microbial community shift (dominance of
Proteobacteria, Firmicutes, Actinobacteria and Acidobacteria) and spe-
cifical increase in Pseudomonas and Bacillus species in amended soil
previously reported also by Singh et al. [67]. Accordingly, our 16S
barcoding results highlight the fact that bacteria crucial in organic
matter decomposition and pollutant biodegradation were prominent
members of the column bacterial community.

Although next-generation sequencing and 16S rRNA gene meta-
barcoding have immensely improved our understanding of microbial
communities of various environments, it is important to acknowledge
the methodological limitations of 16S rRNA gene metabarcoding [68].
This methodology identifies the microbial taxa present in a sample and
their relative abundance but does not accurately assess their viability or
metabolic activity. This limitation arises from the fact that DNA from
inactive or dead cells can still be detected, potentially leading to an
overestimation of the active microbial community. In future studies,

Fig. 5. Bacterial community composition determined by sequence analysis of 16S rRNA gene: A – relative composition on phylum level, B – principal compo-
nent analysis.
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employing methodologies such as metagenomics, metatranscriptomics,
metaproteomics, and metametabolomics could provide a more
comprehensive understanding of microbial activity and offer deeper
insights into the functional dynamics and metabolic networks of the
microbial community, including its interactions with physicochemical
processes.

Overall, microbial analyses indicate efficient immobilization of
bacterial strain B. megaterium BD5 on biochar and hydrochar materials
made from sugar beet shreds and Miscanthus×giganteus. Results show a
significant increase of viable bacterial counts and functional activities in
amended columns compared to unamended ones. Overall, microbial
community composition, abundance and functional activity did not
differ between the columns amended with different materials. This in-
dicates that addition of bacterial strain B. megaterium BD5 had a major
impact on overall microbial characteristics. The bacterial community
was dominated by taxa with important roles in nutrient cycling and
organic matter decomposition such as Bacillaceae, Oxalobacteraceae,
Caulobacteraceae and Pseudomonadaceae, with prevalence of genera
Bacillus and Pseudomonas.

Understanding the metabolic networks and pathways utilized by mi-
crobes in biodegradation processes can be significantly enhanced through
detailed analysis of experimental columns. These insights are crucial for
improving bioremediation strategies. For instance, the biodegradation
pathways of investigated organophosphorus pesticides, as illustrated in
Fig. 6 of the Supplementary materials, reveal complex reactions involving
hydrolysis, oxidation, reduction, hydroxylation, and ring cleavage. The
biodegradation of organophosphorus pesticides such as Fenthion, Disul-
foton, Parathion-methyl, Fenitrothion, and Malathion typically begins
with hydrolysis catalyzed by microbial phosphotriesterases, resulting in
the cleavage of P-O or P-S bonds and the release of corresponding thiols or
alcohols [63]. Following hydrolysis, oxidative reactions catalyzed by mi-
crobial monooxygenases and dioxygenases introduce hydroxyl groups to
aromatic rings or alkyl chains, leading to intermediates such as hydrox-
ylated fenthion oxon and p-nitrophenol. The nitro groups in compounds
like Parathion-methyl and Fenitrothion are reduced to amino groups by
nitroreductases (Boddu et al., 2021). These processes produce degradation

intermediates that further transform into products like 3-(6-Methyl-3--
pyridyl)− 1,5-di(p-tolyl)− 2-pyridine, Diphenyl(m-carboxyphenyl) phos-
phine, and 5-Butyl-3-methyl-1-(4-nitrophenyl) pyrazole. Specifically,
3-(6-Methyl-3-pyridyl)− 1,5-di(p-tolyl)− 2-pyridine forms from hydroxyl-
ation and ring cleavage of pyridyl intermediates, Diphenyl
(m-carboxyphenyl) phosphine arises from oxidative cleavage of organo-
phosphorus compounds (as shown in Fig. 6), and 5-Butyl-3-methyl-1-(4--
nitrophenyl) pyrazole results from cyclization of nitrophenyl and
alkyl-containing intermediates. These sequential enzymatic reactions
highlight comprehensive biodegradation pathways involving oxidation,
reduction, hydroxylation, and ring cleavage, leading to the final detected
byproducts. This is further supported by the identification of enzymes such
as phosphotriesterases and Mes11 NfrA1 and NfrA2 nitroreductases in
other strains of Bacillus megaterium [69]. Also, genera of bacteria pos-
sessing phosphotriesterases (e.g. Pseudomonas, Flavobacterium) or other
gene variants (e.g. Deinococcus, Mycobacterium, Geobacillus and Thermoa-
naerobacter) and nitroreductases (e.g. Pseudomonas, Bacillus, Steno-
trophomonas) [70,71] have been detected in the columns by the 16S rRNA
metabarcoding. Additionally, it is noteworthy that during the time course
of the column experiments, the intensity of identified byproduct peaks
increased (from approximately 1440 min to 3000 min), indicating a rise in
the concentration of these compounds in the column leachates (Fig. 6 in
Supplementary materials).

3.4. Overall impact of hydrochar and biochar on OPPs retardation and
biodegradation

The PCA biplot analysis (Fig. 6) provides a comprehensive view of
the relationships between variables influencing the retardation and
biodegradation of organophosphorus pesticides (OPPs) in soil columns.
The directions of the vectors (as numbered in the biplot) are crucial for
understanding both positive and negative correlations, which are
essential for interpreting how various factors contribute to the fate of
OPPs in this experimental setup.

Strong positive correlations are observed between retardation,
biodegradation, and several key variables, such as the content of

Fig. 6. PCA biplot analysis of physicochemical and microbiological parameters affecting the retardation and biodegradation of organophosphorus pesticides.
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aldehyde/ketone groups, SSA and microbiological factor like bacterial
count. In the biplot, the vectors representing aldehyde/ketone groups
(3), SSA (13), and bacterial count (23) are aligned with those for
retardation (1) and biodegradation (2). This alignment suggests that
these factors work synergistically to enhance the retention and break-
down of OPPs within the soil matrix. The presence of these functional
groups on the char surface creates more reactive sites, which are crucial
for adsorbing pollutants and thus delaying their movement through the
soil (retardation). This is consistent with our previous observations that
oxygen-containing functional groups play a crucial role in enhancing
adsorption properties through H-bonding with OPPs. Additionally, these
reactive sites also facilitate microbial activity, leading to more effective
biodegradation. A higher SSA implies more available surface for in-
teractions between OPPs and chars, further enhancing retardation by
trapping OPPs and providing a conducive environment for microbial
degradation. This is supported by the positive correlation observed be-
tween the retardation and biodegradation coefficients, with an R2 > 0.7
(Fig. 3). Moreover, a higher SSA enhances microbial adhesion, leading
to increased microbial counts and activity, and consequently increased
biodegradation of OPPs. The alignment of the bacterial count vector
with those of retardation and biodegradation emphasizes the critical
role of microbial activity in the behavior and fate of OPPs.

Conversely, negative correlations are observed between retardation,
biodegradation, and factors such as anomeric carbon (7), the H/C ratio
(22), and moisture (26). The vectors for these variables point in di-
rections nearly opposite to those of retardation and biodegradation,
indicating inverse relationships. Anomeric carbon, which refers to the
carbon atom in a sugar molecule involved in the formation of the
glycosidic bond, is often associated with more complex and less stable
organic structures. These structures may provide fewer attachment sites
for organophosphorus pesticides (OPPs), thereby reducing the char’s
ability to retain OPPs. Consequently, this leads to increased mobility of
OPPs through the soil, as the presence of anomeric carbon appears to
diminish the char’s effectiveness in retaining these contaminants.

Additionally, a higher H/C ratio implies the presence of less aromatic
and more labile carbon structures, which is characteristic of hydrochars,
as shown in Fig. 2. This results in decreased retardation and biodegra-
dation efficiency as aromaticity increases, highlighting the significant
role of other interactions, such as hydrogen bonding, particularly in the
case of hydrochars. The critical importance of hydrogen bonding is
further highlighted by the negative correlation observed between
anomeric carbon and the retardation and biodegradation of OPPs.

In contrast, biochars, being more aromatic with lower H/C ratios,
demonstrate the impact of π-π interactions and possess structural prop-
erties that better support microbial activity, thereby enhancing
biodegradation. The higher bacterial count observed in biochars may be
attributed to their greater SSA, a lower H/C ratio and higher aromati-
city—factors that collectively enhance biodegradation.

Based on these observations, it can be concluded that hydrochars are
characterized by a lower degree of aromaticity and higher H/C ratios,
which suggest the potential for significant interactions such as hydrogen
bonding. In contrast, biochars exhibit greater aromaticity and lower H/C
ratios, indicating the prominence of π-π interactions. These structural
properties of biochars are likely to better support microbial activity and
enhance biodegradation processes.

The role of char is critical in both retention and biodegradation
processes. The char’s specific surface area and functional groups not
only absorb OPPs but also create a stable matrix that supports enzymatic
reactions involved in biodegradation pathways. The interaction between
char and microbial communities enhances the transformation of OPPs
into smaller byproducts. The observed increase in the intensity of
byproduct peaks over time in the experimental columns suggests that
char actively facilitates the continuous biodegradation of OPPs. The
combined analysis of the biplot and biodegradation pathways highlights
char’s dual function as both a physical barrier that retards pollutant
movement and a catalyst that promotes microbial degradation. This

comprehensive understanding of char’s impact on the retention and
degradation of OPPs emphasizes its effectiveness in environmental
remediation efforts, underlining the importance of considering these
dynamic interactions when applying biochar for pollutant management.

4. Conclusions

This study demonstrates that hydrochars and biochars derived from
sugar beet shreds and miscanthus significantly enhance the retardation
and biodegradation of organophosphorus pesticides (OPPs) in sandy
soil. Using 13 C NMR and TGA, we gained valuable insights into the
structural and functional properties of these amendments, highlighting
the crucial roles of aromatic structures and oxygen-functional groups in
stabilizing and facilitating biodegradation processes. The successful
immobilization of OPP-degrading bacterial strain onto the chars led to
increased microbial abundance and functionality within the soil col-
umns. Additionally, 16S rRNA-based bacterial community profiling
identified taxa with significant roles in the biodegradation of organic
compounds, including pollutants. These findings advance our under-
standing of the interactions between organic amendments and pollut-
ants, emphasize the potential of these adsorbents to enhance soil
remediation practices and improve pesticide management in agricul-
tural settings.

Environmental implication

For the first time, we have successfully isolated and applied organ-
ophosphorus pesticide (OPP)-degrading bacteria from natural alluvial
sandy soil. Previous studies have focused on strains from contaminated
and agricultural soils. Our approach involved colonizing biochar and
hydrochar with these bacteria and reintroducing them into the same
sandy soil to prevent pesticide leaching and enhance biodegradation.
The novelty of this work lies in using autochthonous strains, already
adapted to local conditions, in greater numbers within their native
environment. This significant achievement improves our understanding
of in situ remediation potential for contaminated soils and sediments.
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