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ABSTRACT

Biochar is a promising material for carbon storage and water purification, particularly for heavy metal removal.
The transition from laboratory studies to real-world applications remains challenging due to variability in
commercial biochar properties and lack of testing on multi-contaminant matrixes.

The study aims at bridging such a gap by characterizing and testing nine commercial biochar in the real case
scenario of the area surrounding the decommissioned Malagrotta landfilling site (Latium region, central Italy).
The area is notorious for legal, social, health and environmental issues. Periodic monitoring performed by local
authorities classifies chemical water quality as scarce. In this context, the effect of environmental water-biochar
interactions was tested on surface water samples. Biochar multi-method characterization was carried out through
optical microscopy, SEM, EDX spectroscopy, X-ray diffraction, ICP-MS, pH-electric conductivity and FT-IR
spectroscopy.

Biochar characterization allowed systematic comparison not possible trough commercial labels: bulk
composition is carbonaceous (78-92 %); mineralization mostly consists of calcite (<8 % for most samples); heavy
metal contaminants are present (up to >100 ppm for Chromium and Zinc); pH ranges from 8 to 12, bearing
exponential relationship with electrical conductivity (EC230-2417 pS); FT-IR spectra testify high aromaticity and
variability in oxygenated (~1700 cm ') functional groups, less abundant in pyro-gasification-produced biochar
compared to pyrolysis-produced ones.Contrary to expectations, trace pollutant concentrations in Malagrotta
waters are within legal limits. Thus Malagrotta case study explores bottom thresholds for surface water treatment
using biochar. Low trace contaminant concentrations hinder detection of adsorption phenomena. Moreover,
leaching tests utilising drinking water and high biochar dosage (10 g/L) demonstrate biochar’s safety, as leaching
is limited to few pg/L. These results are instrumental in elaborating biochar specific water treatment regulations.

1. Introduction

and policy makers set different constraints on what can be defined as
biochar. These constraints mostly depend on the feedstock type and the

Biochar is defined by the European Biochar Certificate (EBC) as a
“porous, carbonaceous material that is produced by pyrolysis of biomass
and is applied in such a way that the contained carbon remains stored as
a long-term C sink or replaces fossil carbon in industrial manufacturing.
It is not made to be burnt for energy generation” (EBC, 2023). Accord-
ingly, pyrolysis can be identified as the main process of thermal
decomposition of biomass in oxygen limited conditions (Adhikari et al.,
2018; Brassard et al., 2017; Kersten and Garcia-Perez, 2013; Kwon et al.,
2019; Weber and Quicker, 2018), but an unambiguous definition has not
yet been established. Indeed, several associations, research institutes
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production process (Lehmann et al., 2021; Oni et al., 2019; Pourhashem
et al., 2019; Sakhiya et al., 2020; Wang and Wang, 2019; Xiao et al.,
2018).

The potential of biochar as an adsorbent material rises from its
similarity to activated carbon (Castiglioni et al., 2022; Inyang et al.,
2016; Tan et al., 2017). Crucial properties in this regard include a high
surface area and presence of adequate surface functional groups (Inyang
and Dickenson, 2015; Weber and Quicker, 2018; Wei et al., 2018). The
former allows greater surface for interaction. The latter improves the
ability of biochar to bind specific pollutants (Dai et al., 2021; Liu et al.,
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2019; Zhao et al., 2021). Such characteristics have sparked research
concerning removal from synthetic solutions (Wang et al., 2020; Yu
et al., 2024). Nevertheless, synthetic solutions do not accurately repre-
sent real world waters needing treatment (Chen et al., 2022; Kamali
et al., 2021). Employed biochar tends to be laboratory-made and is not
widely available (Alsawy et al., 2022). However, availability is a crucial
factor for extensive adoption of innovative materials such as biochar. As
a consequence, it should be considered in transitioning from novelty to
viable application, such as water pollution remediation (Alsawy et al.,
2022; Chen et al., 2019; Nair et al., 2017; Pourhashem et al., 2019).
Water pollution is among the global challenges to be addressed, as
water constitutes a key resource for humanity’s sustenance and devel-
opment (Joshi et al., 2022; Wheater and Gober, 2015; Zamora-Ledezma
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et al., 2021). Moreover, freshwater use has experienced continuous
growth, annually increasing by 1 % since 1980, highlighting its crucial
role for a wide range of applications (UNESCO, 2021). Water pollution
sources are mainly concentrated in areas characterized by urbanization,
industrialization and agricultural activities (Lin et al., 2022; Morin-Crini
et al., 2022; Schwarzenbach et al., 2010). Current research testifies that
untreated wastewater accounts for 50 %, making urban areas a priority
for intervention (Jones et al., 2022; Joshi et al., 2022; Strokal et al.,
2021). There is consensus about the potential of biochar as an adsorbent
material. However, this consensus largely stems from experiments that
are not fully representative of real-world conditions. This work seeks to
begin bridging the gap between research and practical application by
using commercial biochar in a real-world case study. This can be a

Fig. 1. Macroscopic images of biochar samples and related production locations. BC1 - Homogeneous material split between two main granulometries. The coarse
one is constituted by cylindric pellets 5-20 mm in length and 4-5 mm of diameter. The finer fraction is constituted by fragmented pellets. Material is dry and frees
ashes. BC2 - Homogeneous material in fine gravel range, made up of a mixture of elongated, splinter like, particles and irregular grains. The material is humid and
does not free ashes. BC3 - Fine homogeneous material (fine sand grain-size, single grains can be distinguished by naked eye). Centimetric fragments are also present
within the fine material. The material is dry, ashes are present. BC4 - Heterogeneous material made up of millimetric to centimetric size fragments, dry, does not free
ashes. Original wood chip shape is preserved. BC5 - Very heterogeneous material made up of sub-millimetric to centimetric size fragments, dry, frees little ashes.
Original wood chip shape is preserved in the coarser fraction. BC6 - Rather homogeneous material, made up of centimetric to millimetric size fragments, dry, frees
little ashes. Original wood chip shape is preserved. BC7 - Very heterogeneous material made up of sub-millimetric to centimetric fragments immersed within very
fine-grained groundmass, dry, frees large amounts of ashes. Original wood chip shape is preserved in the coarser portion of the material. BC8 - Very heterogeneous
material made up of sub-millimetric to centimetric fragments; very fine-grained groundmass is present as well dry, frees ashes. Original wood chip shape is preserved
in coarser portion of the material. BC9 - Very homogeneous material made up of elongated millimetric size fragments. Dry, does not free ashes. Original rice husk
shape is preserved.
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starting point for future research across different scenarios. Moreover,
no biochar specific regulation for water treatment exists up to now.
However, any material employed for this purpose in Europe would need
to comply with the regulation concerning registration, evaluation,
authorisation and restriction of chemicals (REACH) 1907/2006/EC and
with the water framework directive 2000/60/EC (EU, 2000; 2006).

The materials used are nine commercial biochar from Italy and
Europe. All of them are readily available for bulk purchase. Their
accessibility enables immediate large-scale and real-world applications.
The approach is twofold, focusing on both biochar characterization and
the environmental case study. Routine and innovative techniques are
used to characterise and effectively compare samples to identify the
most relevant properties for the given application.

A sampling in the area surrounding the decommissioned Malagrotta
landfill has been conducted to assess surface water quality. The area has
historically been source of concern for local authorities due to improper
management practices (Barbieri et al., 2014; Daniele and Fabiani,
2020). Biochar adsorption tests were performed on the sampled surface
waters. Results testify pollutant concentrations in the adsorbent being
greater than in the matrix, thus hindering detection of absorption phe-
nomena. This provided local authorities with evidence to assess surface
water quality in the area. Furthermore, pollutant leaching tests from
biochar have been performed to ensure safety of biochar use. The
leaching from biochar is limited to few pg/L constituting no risk to
human health and the environment.

2. Materials and methods
2.1. Materials

This study started from scratch to test the challenges posed by the
potential implementation of a biochar-based solution for water purifi-

cation in a real-world scenario. Nine commercial biochar types were
collected focusing on the national market, but also including European

Table 1
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counterparts for the sake of comparison (Fig. 1).

“Commercial biochar” is hereby defined as a material that is
currently available in bulk (either through direct purchase of the
product or through agreements with the producers) and in large quan-
tity thus allowing easy scale-up. Six out of nine biochar are produced in
Italy (BC2, BC4, BC5, BC7, BC8, BC9). Two come from France (BC1,
BC6) and one from Germany (BC3). In Tables 1 and 2, we provide a
concise macroscopic description of biochar, the availability of infor-
mation derived by official labels accompanying the product, in agree-
ment with law restrictions of the production countries (D. Lgs., 2023 for
Italy). Regarding the production process, BC1, BC2, BC5, BC6, BC9 are
declared as produced by pyrolysis alone, BC3 and BC7 by
pyro-gasification, whereas for BC4 and BC8 no certification on the
process is available.

Moreover, pieces of information reported in Table 2 are not homo-
geneous, as the European biochar certificate (EBC, 2023) is currently
still a voluntary EU standard, despite being one of the best efforts to
standardize biochar characterization and provide guidance for cus-
tomers and policy makers. Producers can employ it to differentiate their
products, but currently, it is only mandatory in Switzerland for biochar
intended for agricultural use. Other standards do exist (Amin et al.,
20165 Leng et al., 2019; Meyer et al., 2017). However, the term biochar
does not yet have a precise definition. Thus, the composition and pro-
duction process of the so-called biochar are not yet well constrained
(Rajput et al., 2024; Sakhiya et al., 2020; Weber and Quicker, 2018). As
a result, biochar characteristics are also tied to local regulations. Italian
policymakers have included biochar as a viable mean of soil amend-
ment, through a modification of D. Lgs.75/2010 in 2015, which allows
only feedstocks of plant origin (D. Lgs., 2010). A similar criterion was
used by the European Commission in its executive regulation EU
2019/2164, allowing biochar for organic agriculture (EU, 2019).
Nevertheless, the EBC does not constrain feedstock nature, but refers
generically to an origin from “biomass”. On the other hand, use cases are
specified (EBC, 2023). Therefore, the term “biochar” comes out as

Main features of the nine commercial biochar employed in this work (in green, when present): production country, feedstock, production process and qualitative
description. The description relates to bulk material straight out of its packaging. Grain size is defined as: fine (sub-millimetric); medium (millimetric to centimetric);
coarse (centimetric only). For the sake of simplicity and need of anonymity, commercial names are omitted, and biochar are labelled by progressively numbered
acronyms. Humidity is to be intended as perceived through touch. Ashes are to be intended as amount of dust being freed while handling the material.

ORIGIN DESCRIPTION
£ >
. . [ £
Sample  Production Production @ 3 g T <
¢ Feedstock p E s ] € 2
country rocess g S 3
BC1 France Wood Pyrolysis
BC2 Italy Mix (IT law) Pyrolysis
Pyro-
BC3 G Wood L
ermany 00 Gasification
BC4 Italy Mix (IT law) Pyrolysis
BC5 Ital Poplar Pyrolysis
4 Wood yroly
BC6 France Wood Pyrolysis
. Pyro-
BC7 Italy Mix (IT law) Gasification
BC8 Italy Mix (IT law) Pyrolysis
BC9 Italy Rice Husk Pyrolysis




L. Animali et al.

Table 2
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Available trade label data (in green, when present): water retention, total humidity, total organic carbon (TOC), ash content, salinity, pH, nitrogen content (N),
potassium content (as oxide, K20), phosphorus content (as oxide, P50s) calcium content (as oxide, Ca0O), magnesium content (as oxide, MgO) sodium content (as oxide,
Nay0), hydrogen over carbon ratio (H/C). BC6 and BC9 are pre-distribution samples (not yet on the market). Please note the data are given as on the label.

g g 9 —_ o
s z = = = w = w % 2
=} — 3 = E
s e g E 3 £ TS OF S B O®F
£ 2 E o £ £ i 5 £ £ E £ E 3
3 - - 3 z § § 3 & % §
g 808 & F g
= =
BC1 84 4000 6000 1000
514
BC2 62 >10  >75 3.39 (meojioog 08 3990 88 204 3685 1007 494 007
BC3
BC4 150 <20 65 5.5 11[dS/m] ~ 9.85 <5000 3020 340 9920 852 291 02
BC5 23 86 8 8 3000 4965 23142 2571 321 028
BC6
BC7 400 20 684 6.4 5[dS/m] 113 5000 4000 3000 11000 2000 2000  0.48
BCS >75 3000 848 294 3685 1007  49.4
BC9

loosely defined and unreliable when trying to point out a material with a
specific set of properties. Standardization efforts are trying to put an end
to such an ambiguity. However, their implementation in regulatory
schemes is still uncomplete.

2.2. Methods

The following workflow consists of a two-pronged approach based
on biochar characterization and application to the case study of surface
water in the area of the Malagrotta landfill. The collected material is
characterized through a series of routine and novel techniques. More-
over, the case study was selected in collaboration with local authorities
to address possible relevant issues in the Roman urban context.

2.2.1. Biochar analysis

For organic petrography, biochar samples were quartered and a
representative powder for each of them was mounted in epoxy resin and
polished according to standard procedures (Bustin et al., 1985). Obser-
vation on polished surfaces were performed on randomly oriented grains
using a Zeiss Axioskop 40 microscope, under oil immersion in reflected
monochromatic non-polarized light (Tungsten-halogen Lamp 12 V, 100
W), connected with an Axiocam 105 color camera. Single fragments
were described on the base of the classification proposed for the first
time by Lester et al. (2010) and modified by Mastalerz et al. (2023).

Morphology of each sample has been surveyed through scanning
electron microscopy (FE-SEM, Zeiss SupraTM 40). An energy dispersive
X-Ray detector (EDX, Oxford Inca Energy 450) fitted on the microscope
further allowed evaluation of biochar’s elemental composition. EDX
investigation for each sample is referred to area scanning (50 x 50 pm).
Analysis must be considered as roughly representative of biochar
composition as referred to a limited number of analysed areas for each
sample.

X-ray diffraction analysis (XRD) has been employed to describe
biochar’s mineralogy. Biochar powder for each sample was examined
trough a Bruker D8 Advance X-ray system with a Lynxeye XE-T silicon-
strip detector at the Department of Earth Sciences, Sapienza University
of Rome. Operation happened at 40 kV and 30 mA with CuKa radiation
(A = 1.5406 10\). Samples were scanned between 2 and 70° 26 with step
sizes of 0.02° 20.

Ion coupled plasma mass spectroscopy (ICP-MS) has been performed
to determine elemental composition of biochar samples which have
been pulverized (Activation Laboratories code RX4) (A. L. Ltd., 2024a)
and analysed according to Ultratrace 4, near total digestion procedure

(A. L. Ltd., 2024Db).

PH and electric conductivity values have been measured through a
multiparametric probe (Hanna instruments - multi-parameter pH/ORP/
EC/Pressure/Temperature watertight meter - HI98195), according to
the procedure described by Singh et al. (2017).

Fourier transform infrared spectroscopy (FT-IR) was applied to
identify the functional groups on the different collected biochar. Bulk
samples were prepared using the common KBr pellet method, widely
used for coals characterization (Adhikari et al., 2024; Painter et al.,
1981; Petersen et al., 2008). Biochar and KBr mixture at an approxi-
mately 1:100 ratio was used in pellet preparation and dried for 62 h at
105-110 °C in oven. A Nicolet iS50 spectrometer equipped with a DTGS
detector was used for spectra acquisition. Absorption spectra were
collected in a range between 500 and 4000 cm ™! averaging 64 scans
with a resolution of 2 cm™!. The raw FT-IR spectra data was initially
processed to reduce noise with common preprocessing steps: baseline
correction and normalization. From FT-IR spectra, the bands assign-
ments of functional groups and semiquantitative data analysis were
based on Painter et al., 1981, Lis et al., 2005, Petersen et al., 2008, Chen
et al., 2008, Keiluweit et al., 2010, Chen et al., 2012, Singh et al., 2016,
Zhang et al., 2020, Phan et al., 2021, Mastalerz et al., 2023, Adhikari
et al., 2024.

2.2.2. Identification of the site and sampling procedure

The case study is the area surrounding the Malagrotta landfilling site
in Rome municipality in the Lazio region (central Italy, Fig. 2). This area
has historically been under special attention due to suspect inappro-
priate management practices and influx of large quantities of waste
(Daniele and Fabiani, 2020). Closure of the landfilling site took place in
2013, but remediation works are still ongoing (ERAS, 2013).

The Malagrotta Landfilling site and the surrounding area, located in
Rome municipality, have been object of interest since its opening in
1970 after which it quickly became Lazio’s waste main destination
(Barbieri et al., 2014). Its long operation period is characterized by al-
legations of improper disposal practices, alongside with public pressure
due to environmental concern, up until closure in 2013 (Daniele and
Fabiani, 2020). Despite the main activity having ceased, there are
lingering issues still needing to be addressed. In fact, the presence of a
landfilling site has created a significant socio-economic gap with respect
to the surrounding areas while operations tide to waste processing have
increased risk for respiratory, cardiovascular and tumoral illnesses
(ERAS, 2013). On the legal side, the matter of cost subsidization for
remediation operations is still open. Finally, the surrounding
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Fig. 2. Map of the study area, comprising of the former Malagrotta landifill and its surroundings. Waterways, areas of interest and sampling points are highlighted

(QGIS, 2024; modified from Google Satellite).

environment has been altered by leaching of pollutants which caused
toxic effects on fauna, flora homogenization and soil pollution from
multiple contaminants, including heavy metals (Baderna et al., 2011;
Filibeck et al., 2016). Other than the landfilling site, where remediation
works are still going on, the area also hosts a petrochemical site and
heavy-duty workshops (Fig. 2).

The case study for an attempt to apply biochar for surface water
purification was identified with the help of the local authorities (Dir-
ezione Ambiente, Regione Lazio). This was done both to raise awareness
about biochar’s potential and to promote collaboration between
academia and public institutions. The area surrounding the decom-
missioned Malagrotta landfill is currently devoted to industrial use. The
hydrographic network consists of a main river and a tributary stream,
Rio Galeria and Fosso Santa Maria Nuova respectively (Fig. 2). The main
river is north-south oriented in the centre of the study area, roughly
dividing it in two halves (Fig. 2). The tributary flows from the north to
south in the eastern portion of the study area, then bends to the south-
west before joining the main river (Fig. 2).

The Malagrotta landfill occupies most of the eastern portion of the
study area lying between the main river and the tributary stream. In
addition to the landfill, the area also hosts a large petrochemical plant in
its western portion, along the main river right bank (Fig. 2). The south-
eastern part is home to several mechanical workshops and depots as well
as two residential areas, it is to the south of the tributary stream, on its
hydrographic left bank. In the southernmost part of the study area, two
water treatment facilities are located (Fig. 2). They occur to the south of
the confluence of tributary and the main river and on the right bank with
respect to the latter (Fig. 2). The remaining part of the study area is
mostly occupied by agricultural land (Fig. 2).

Sampling was carried out in four sites that have potential for future
on site biochar application, as accessibility and adequate flow rate are
key features (Fig. 2). Sampling point Main Upstream (MU) is located in
the northern part of the study area, uphill with respect to the hypothe-
sized inflow influenced by the landfill and petrochemical area (Fig. 2).
The TU sampling point lies uphill of the mechanical workshops to the

south-east to monitor their influence on water quality (Fig. 2). The TD
sampling point serves a similar purpose acting as a control, just before
the confluence within the main river (Fig. 2). Sampling point MD is in
the south of the study area, downstream the confluence (Fig. 2). This
sampling point is employed to survey surface water outflow from the
study area. It is also used by local authorities for periodic water quality
assessment (ARPALAZIO, 2020). Publicly accessible results provide
qualitative water quality evaluations for chemical and biological
pollution. At the time of writing both parameters were unsatisfactory
(ARPALAZIO, 2020). By sampling we wanted to assess pollutant path-
ways in the surface water in the area. With results coming from water
chemical analysis, we were able to frame the context in terms of
chemical pollution.

2.2.3. Water analyses

Water samples collected during the sampling survey and from lab-
oratory experiments were analysed according to the following standard
procedures:

e U.S. EPA 200.7 2001 for Sb, As, Be, Cd, Co, Cr, Ni, Pb, Cu, Se, Tl, V,
Zn, Ca, Mg, Na, K (EPA, 1994).

e UNI EN ISO 12,846:2013 for Hg (ISO, 2012).

UNI EN ISO 17,294-2:2023 for Zr, La (ISO, 2023).

e UNI EN ISO 10,304-1:2009 for sulphates, nitrates, phosphates,
chlorides, fluorides (ISO, 2007).

o APAT CNR IRSA 4050 Man. 29 2003 for nitrites (APAT, 2003).

e U.S. EPA 9010C 2004 and EPA 9014 2014 for cyanides (EPA, 2014,
2004).

2.2.4. Effect of biochar exposure to environmental water

The first experiment was performed directly on sampled surface
waters from the Malagrotta landfill area. The objective was to survey the
feasibility of on-site biochar application. Employed water has been
collected in correspondence of sampling point MU. This sampling point
represents the convergence of the main and tributary stream and is also
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an historical sampling point for surface water surveys conducted by
local environmental protection agencies (SIRA, 2024). Flow rate at the
time of collection was also deemed appropriate for potential future on
site experiments.

1 L of river water has been mixed with 10 g of biochar BC1 trough
BC9 with particle size < 2 mm. Adsorption time at room temperature has
been set to 7 days to simulate a real case scenario of biochar application.
At the end of the experiment morphological changes on biochar’s sur-
face have been evaluated through SEM imagery.

2.2.5. Contaminant leaching from biochar

The matrix of choice for the experiment is store-bought mineral
water. This experiment has been performed to test leaching of pollutants
from biochar into clean, potable water. 200 ml of mineral water have
been mixed with 2 g of biochar BC1 trough BC9 with particle size <2
mm. Adsorption time at room temperature has been set to 24 h as this
time span encloses the period of greatest interaction between biochar
and its surroundings. After this period water was centrifuged at 3000
rpm for 5 min (ALC PK120 centrifuge, Thermofisher scientific, Waltham,
Massachusetts) and filtered through both 8 pm filter paper (Whatman®
qualitative filter paper, Grade 2) and 0.45 pm membrane filters (Corn-
ing® syringe filters PTFE membrane, diam. 25 mm, pore size 0.45 pm) to
remove solid residues. Analysis was then performed to determine
occurrence and entity of leaching.

Sustainable Horizons 15 (2025) 100145

3. Results
3.1. Biochar characterization

In this paragraph main optical and SEM features for the nine ana-
lysed biochar are described. Representative images for each biochar
sample are provided in Figs. 3 and 4.

BC1 (Figs. 3A and 4A) - Sample BC1 displays well preserved,
frequently obliquely cut, plant tissue structures, with a predominance of
cellular porosity over non-cellular porosity. The porosity is related to
single cell lumens, separated by thick cell walls. No fractures interfere
with the original structure of the wood and no cell collapse is observed.
The fragments show a regular pore distribution, and no pore occlusion is
detected. High reflectance inertinite is dominant, fusinite is prevalent
and the mineral content is low. BC1 is homogeneous and can be pre-
dominantly placed in the inertoid category with >75 % unfused mate-
rial. SEM images of BC1 show a rough surface highlighting internal
planar structures. Smaller fragments adhere to external surfaces. No
fractures or signs of alteration are observed.

BC2 (Figs. 3B and 4B) - Optical microscopy Images of sample BC2
show well-preserved cell wall margins. On average, they are thin rela-
tive to lumen area. Porosity is finely dispersed, and original texture and
structure are well preserved. Occasional incipient structural collapse can
be observed at the margin of fragments. Cases of complete replacement
of fragments and mineralisation are evident from sharp shifts in reflec-
tance. High reflectance inertinite is dominant, fusinite is prevalent,
mineral matter content is low. BC2 can be placed predominantly in the

Fig. 3. Representative microphotographs of optical analysis under reflected monochromatic light of biochar samples. A) BC1; B) BC2; C) BC3; D) BC4; E) BC5; F)

BC6; G) BC7; H) BC8; I) BCI. See text for detailed description.
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Fig. 4. Representative SEM images of biochar samples.) BC1; B) BC2; C) BC3; D) BC4; E) BC5; F) BC6; G) BC7; H) BC8; I) BCO. See text for detailed description.

inertoid category with >75 % unfused material. The sample fragments
are mainly homogeneous. SEM images display fragment-scale fractures
damaging otherwise well-preserved plant structures. Presence of addi-
tional, smaller fragments characterized by a rougher surface is detected.

BC3 (Figs. 3C and 4C) - Optical images of sample BC3 display very
well preserved perpendicularly and obliquely cut cell walls and lumens
with no alteration, even at margins. The original plant structure is
preserved and homogeneous, characterised by rather large cell lumens
and thin walls. The material is composed of elongated fragments with a
bimodal size distribution. Larger fragments are less common and
dispersed throughout the finer material. The sample is uniform in terms
of white colour intensity. BC3 can be placed predominantly in the
inertoid category with >75 % unfused material. SEM images display
well preserved structures with no infilling.

BC4 (Figs. 3D and 4D) - Optical images of sample BC4 display
perpendicularly cut, well preserved plant structures. Walls are
comparatively thick with respect to lumens. No fractures, collapses or
alterations can be observed. Signs of mineralization are present. High
reflectance inertinite is dominant, fusinite is prevalent and mineral
matter content is low. White level is uniform for all fragments in the
sample. BC4 can be placed predominantly in the inertoid category with
>75 % unfused material. SEM images essentially show two kinds of
fragments. One is characterized by smooth surfaces and angular shape,
the other by rough surfaces and globular shape. No visible porosity is to
be found and no visible plant structures can be observed in collected
images.

BC5 (Figs. 3E and 4E) - Optical images of sample BC5 show well-
preserved plant structures. There is evidence of both thick and thin
cell walls. Traces of structural collapse can be observed at fragment

margins. Lumens and walls are more regular in areas characterized by
thin walls in relation to cell lumens. In contrast, areas where walls are
thicker appear more chaotic and affected by lumen collapse. High
reflectance inertinite is dominant, fusinite is prevalent and mineral
matter content is low. White level is uniform for all fragments in the
sample. BC5 can be placed predominantly in the inertoid category with
>75 % unfused material. SEM images of BC5 display well-preserved
plant structures and clean smooth surfaces. Occasional, very fine,
angular and globular fragments are present.

BC6 (Figs. 3F and 4F) - Optical images of sample BC6 show well-
preserved plant structures with thin walls and large lumens. In areas
where cell walls appear to be thicker, lumens are irregularly shaped
indicating incipient structural collapse. There is no evidence of frac-
turing. Mineralisation is limited, but present. Finely cellular porous
texture is detected. High reflectance inertinite is dominant, fusinite is
prevalent. White level is uniform for all fragments in the sample. BC6
can be placed predominantly in the inertoid category with >75 % un-
fused material. SEM images of BC6 show large fragments of well-
preserved material where structural organization is still clearly recog-
nisable. Surfaces are smooth although a sparse groundmass of smaller
smooth fragments is present.

BC7 (Figs. 3G and 4G) - Optical images of sample BC7 show different
types of fragments indicating non-uniform feedstock. The first abundant
category (around 80 %) is made up of structured fragments with pore-to-
wall fragments either high or extremely low, with original tissue well
preserved and almost homogeneous white colour. The second abundant
category is made of fused biomass with the highest pore-to-wall ratio in
the sample, wall colour bright white, and sub-rounded generally equi-
dimensional fragments and pore borders. High overall thermal maturity
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is supposed. Partial filling by biochar fragments of smaller pores is
observed. Pore-filling by opaque inorganic material (possible minerali-
sation) can be observed, as well. BC7 can be placed predominantly in the
inertoid category with >75 % unfused material. SEM images show
elongated fragments with clean smooth surfaces, alongside with little,
sparse groundmass. A rougher surface is observable in correspondence
of some fragments, but elongate shape and overall structure are still well
recognisable.

BC8 (Figs. 3H and 4H) - Optical images of sample BC8 display
fragments characterized by thin walls and areas of irregular porosity.
Such fragments have a high grade of homogenization. In other fragments
the original structural organization appears to be intact, and walls are
thin. These observations suggest the likely presence of multiple feed-
stocks reacting differently to heating. Porosity is clean with no fillings.
Traces of fracturing can be observed at the margins of some fragments.
No mineralization is detected. White level varies, but thermal maturity
is generally high. High reflectance inertinite is dominant, fusinite is
prevalent. White level is uniform throughout the fragments in the
sample. BC8 can be placed predominantly in the inertoid category with
>75 % unfused material. SEM images show well preserved plant struc-
tures characterized by smooth surfaces. Some globular shaped infilling is
present in correspondence of specific lumens, but porosity remains open
overall.

BC9 (Figs. 3I and 4I) - Optical images of sample BC9 show well-
preserved plant structures. Obliquely and perpendicularly cut cell lu-
mens are bounded by thin cell walls. Fragments are generally elongated
and show signs of incipient alteration along margins. Smaller fragments
with the same characteristics are present as well. No mineralization can
be observed. The sample is uniform in terms of fragment size and white
colour intensity. BC9 can be placed predominantly in the inertoid
category with >75 % unfused material. SEM images display large frag-
ments of well-preserved plant structures alongside with smaller frag-
ments where only remnants of such structures are still detectable. The
smooth surfaces of plant structures are covered by a sparse, very fine
groundmass of globular shaped foreign matter.

3.1.1. Energy dispersive x-ray spectroscopy (EDX)

EDX results highlight that all biochar bear between 80 % and 92 %
carbon atomic content, except for BC9 where carbon is 78 % (Fig. 5).
The second most abundant component is oxygen (between 6 % and 18
%, atomic). Depending on the biochar other elements occur, as well in
traces (Fig. 5). Potassium is present in all but BC8; calcium occurs in all
biochar except BC8 and BC9. Silicon EDX results highlight that all bio-
char bear between 80 % and 92 % carbon atomic content, except for BC9
where carbon is 78 % (Fig. 5). The second most abundant component is
oxygen (between 6 % and 18 %, atomic). Depending on the biochar
other elements occur, as well in traces (Fig. 5). Potassium is present in all
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but BC8; calcium occurs in all biochar except BC8 and BC9. Silicon has
been detected in both BC2 and, in a much greater concentration, in BC9.
Small amounts of magnesium have been observed in BC6 and BC7.
Phosphorus has only been found in BC6. These results are generally in
agreement with ranges indicated in literature (Weber and Quicker,
2018). Moreover, despite the whole composition being related to the
feedstock’s nature, carbon and oxygen content (alongside with
hydrogen) are mostly affected by pyrolysis conditions. Minor compo-
nents tend to rise from the feedstock’s specific chemical makeup.

3.1.2. X-ray diffraction (XRD)

The XRD analysis yields an assemblage dominated by amorphous
matter that range from 64 % (BC7) to 100 % (BC1), with six samples out
of nine (BC1, BC2, BC4, BC6, BC8, BCY) containing >90 %. Quartz is
ubiquitous and occurs as a minor phase, either in traces or with low
content ranging between 1 % and 5 %. Calcite is ubiquitous as well,
showing values lower than 8 %, apart in samples BC3 and BC7 that
contain 13 % and 23 %, respectively. Other phases such as Plagioclase,
Phyrrotine traces are detected only in sample BC4, as well as Sylvite in
sample BC9.

3.1.3. Ion coupled plasma mass spectroscopy (ICP-MS)

The objective of ICP-MS analysis was to determine the nature and
concentration of trace substances present in commercial biochar. Fig. 7
shows results of ICP-MS analysis of the nine biochar divided among
arbitrary categories depending on their concentration.

In Fig. 7A, major metal content ranges from close to 10.0 % down to
0.02 %. Most of them show concentrations that are comprised between
about 0.1 % and 1.0 % with the exceptions of BC7 that bears the highest
concentrations, and the BC1 that rarely exceeds 0.1 %. On average,
Calcium is the most abundant element and Sodium is the least abundant.

In Fig. 7B, heavy metal content is highly variable, ranging from
>150.0 ppm down to 0.2 ppm. On average, the most abundant heavy
metal is Zn. All elements but As and Cd are present in all nine biochar. As
is absent in BC1, Cd is absent in BC1, BC2, BC3, BC6 and BC8. Cd is also
the least abundant heavy metal when present. BC7 bears the greatest
heavy metal content, while BC1 bears the lowest overall.

In Fig. 7C, other elements present in all nine biochar in the order of
tens to hundreds of ppms are Mn, Rb, Ba and Sr. Among them, Mn is the
most abundant and Rb the least abundant. On average, highest contents
are recorded in BC7, although BC9 has much higher Mn concentration
(749 ppm in BC9 vs. 435 ppm in BC7).

In Fig. 7D, other trace elements present in all nine biochar are Cs, Co,
Mo, La, Ce, Nd. Their concentrations range from 0.06 up to about 7.00
ppms. On average, greatest contents are recorded by BC7 and lowest
ones by BC1.

In Fig. 7E, elements in this category are present in more than half of

Fig. 5. EDX data on biochar samples. Left: Percentage atomic composition (values are approximate to zero for element in trace); right: Percentage weight
composition. See supplementary materials for numerical data and descriptive statistics.
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the biochar. Concentrations range from 0.04 up to few ppms, but rarely
exceed 1 ppm. If present, elements are usually more abundant in BC7.
Concentrations in other biochar samples are highly variable.

In Fig. 7F elements are present in less than half of the biochar.
Concentrations are below 1 ppm. The only biochar containing all of
these elements is BC7. Some of these elements are also present in BC3
and BC5, but absent in the remaining biochar.

3.1.4. PH and electric conductivity (EC)

PH is basic for all biochar samples ranging from a minimum of 8.0 in
BC8 and a maximum of 12.42 in BC7 (Fig. 8). Six out of the nine biochar
sit between pH 9.5 and 10.5 forming a cluster (BC1, BC2, BC3, BC5, BC6,
BC9). Electric conductivity (EC) ranges from 230 pS in BC1 up to 2417
uS in BC7. Electric conductivity grows exponentially with pH.

3.1.5. Fourier transform infrared spectroscopy (FT-IR)

The FT-IR spectra were used to provide the main functional groups
based on the main spectral regions (Fig. 9): v o—y (-OH group,
3600-3200 cm™ 1), aromatic v c—y region (3100-3000 cm_l), aliphatic v
c—y region (3000-2800 cm’l), V ¢ = o (saturated and/or aromatic
carbonyl groups C = 0), and v ¢ — ¢ stretching bond of unsaturated ar-
omatic and/or alkene groups (1710-1550 cm™!), asymmetric aliphatic
CH, and CH3 and/or aromatic skeletal vibrations combined with C-H in-
plane deformations (complex peaks around 1,440 cm™ 1), aliphatic
symmetric CH3 deformation (peak around 1375 cm’l), aromatic and/or
aliphatic ether and alcohol v ¢—¢ vibrations (1300 and 900 crn’l), and
aromatic out-of-plane C—H deformation region (900-650 cm ).

In all samples, a broad absorption band (3200-3600 cm’l) corre-
sponding to the v gy group is present. After oven treatment, collected
spectra decreased in the intensity of absorbance in this region. In the
majority of biochar samples, the aromatic 3100-3000 em™! (e.g., BC2,
BC5, BC6, BC8, BCI) and the aliphatic 3000-2800 em™? (BC1, BC2, BC4,
BC5, BC6, BC8, BC9) C—H stretching regions are present and charac-
terized by weak relative absorbance intensities, except in BC3 and BC7,
where the aromatic and aliphatic signals resulted totally absent (see

Table 3
Assignment of the main functional groups (in green, when present).
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Table 3).

For BC2, BC4, BC5, BC6, BC8, BC9 samples, the oxygenated group
and aromatic carbon region 1710-1550 cm™?, as defined in Mastalerz
et al. (2023), display mainly four characteristic peaks in correspondence
of the 1700, 1660, 1630 and 1565 cm ™! positions, whereas they are
notably reduced or absent in BC1, BC3 and BC7. In this range, between
1710-1660 and 1630-1565 cm ™ ?, associated to the stretching modes of
the oxygenated (v C=0) and aromatic (v C=C) groups respectively
(Adhikari et al., 2024; Reza et al., 2020; Phan et al., 2021). BC2, BC4,
BC5 and BC8 show peaks associated to aromatic compounds around
1640-1,550 cm~! for v C=C and lower intensities at 1710-1640 cm !
for saturated and/or aromatic carbonyl groups, such as carboxylic acids,
ketones and esters (v C=0). In detail, BC4 lacks in v C=0 vibration of
carbonyl group at 1700 cm ™, while in BG2 and BG8, the aromatic C=C
stretching vibration is shifted to 1585 cm ™! respect to BC4 at 1565 cm ™.
In the same regions (e.g., 1710-1660 and 1630-1565 cm’l), BC5, BC6,
and BC9 exhibit fewer peaks and relatively lower absorbance intensities
of oxygenated stretching around 1565 and 1690 cm™! respect to aro-
matic v C—=C bounds.

All FT-IR spectra exhibited bands around 1454-1430 cm™!, which
are typically attributed to the asymmetric d of -CH: and -CHs aliphatic
hydrocarbons in coal and kerogen (Caricchi et al., 2016; Chen et al.,
2012; Di Paolo et al., 2012; Lis et al., 2005). However, in the case of
biochar, this range is more likely associated with unsaturated aromatic
C—C skeletal vibrations combined with C—H in-plane deformations,
originating from lignin derived products after pyrolysis (Keiluweit et al.,
2010; Md Salim et al., 2021). Furthermore, in BC1, BC2 and BC8, signals
between 1375-1385 cm™! are present, probably associated to over-
lapping vibrations from the symmetric deformation of aliphatic -CHs
groups and/or in-plane absorption of phenolic -OH groups. These signals
are related to cellulose and lignin feedstocks (Ilic et al., 2022; Keiluweit
et al., 2010), with low intensities detected in samples BC5, BC6, and
BCO.

The broad band between 1300 and 900 cm ! (with maximum around
1032-1088 cm ™, e.g., BC1, BC4, and BC9) may contain overlapping

ADSORPTION BAND REGIONS AND

BIOCHAR BAND ASSIGNMENT

FUNCTIONAL GROUPS [cm™] BC1 BC2 BC3 BC4 BC5 BC6 BC7 BC8 BC9
3600-3200
-OH stretching in hydroxyl group
3100-3000
Aromatic C-H stretching
3000-2800
Aliphatic C-H stretching
1710-1690
C=0 stretching of carbonyl groups
1690-1640

C=0 stretching conjugated with
aromatic rings
1640-1550
C=C stretching in aromatic rings
and/or alkane group
1454-1430
Asymmetric aliphatic CH.and CH:
deformation or C-C stretching
1385-1365
Symmetric aliphatic CH: deformation
1250-1030
C-0 and/or O-H stretching in
methoxy group
880-750
Aromatic out-of-plane C-H
deformation bands
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peaks which can be assigned to aromatic -OH and CO- and/or aliphatic
ether and alcohol v C—O. These are probably associated to undecom-
posed cellulose and hemicellulose material (Ili¢ et al., 2022; Keiluweit
et al., 2010; Reza et al., 2020). In detail, in BC1, BC2, BC4, BC8, and
BC9, these signals are well evidenced. In the lowest analysed range in-
terval, BC2, BC5, BC6, BC8, and BC9 show the aromatic out-of-plane
C—H deformation bands between 900 and 700 cm ™! (Caricchi et al.,
2016; Mastalerz et al., 2023) characterized by rather irregular few peaks
with relatively low absorbance intensities.

3.2. Sampling survey

Surface waters from the four sampling points in the Malagrotta
landfill area were analysed to determine pollutant concentrations
(Fig. 10). The results, together with the associated detection limits are
summarised in Fig. 10 and related to chemical drinking water thresholds
according to Italian legislation (D.Lgs., 2023). The drinking water
regulation is employed to provide a meaningful water quality standard
for comparison.

Fig. 10 displays concentrations for Mg, Na, sulphates and chlorides;
they are within drinking water limits at all sampling points. They also
display the same behaviour in terms of abundance. The concentration
increases going downstream and is greater in the tributary stream with
respect to the main river. This is a consequence of dilution. Fluorides and
nitrates behave differently being more abundant in correspondence of
the MU sampling point when compared to MD. On the other hand, their
content still increases going downstream through the tributary. Nitrites
have only been detected in correspondence of the MD sampling point in
minimal amounts (Fig. 10).

In terms of trace chemicals (Fig. 10) Sb, Cd, Hg, Pb, Cu, Se and cy-
anides could not be detected. Cr is only present at TD with a concen-
tration of 1 pg/L (Fig. 10) . Ni has only been detected in sampling points
of the tributary stream (Fig. 10). It increases from 8 to 11 pg/L going
downstream between the two (Fig. 10). based upon above concentra-
tions presence of Ni sources along the tributary stream could by hy-
pothesized. Such Ni content is then likely to be diluted below detection
limit upon entering Rio Galeria. V is present at sampling sites at con-
centrations between 5 and 15 pg/L (Fig. 10). Such concentrations are
greater throughout the main watercourse but still below the drinking
water limit. As found at all the sampling points in an abundance rising
going downstream in the hydrographic network. The threshold for As in
potable water, 10 pg/L, is breached in three out of the four sampling
points with a maximum concentration of 19.4 in correspondence of MD.
These are the only exceedances in the dataset. However, As content is
tied to a higher natural background rather than anthropogenic activity
due to the study area rising above As rich volcanic deposits (Barbieri
et al., 2014).

3.3. Effects of environmental waters on biochar surface structure

The experiment was aimed at monitoring changes in biochar as a
consequence of river water treatment. Due to low contaminant con-
centrations in river water when compared to contents already present in
biochar no significant evaluation could be performed in this regard. In
fact, changes in terms of biochar composition could both be attributed to
interaction with river water and natural variability of the material itself
(Figs. 7, 10). Nevertheless, biochar employed for water treatment has
been observed through scanning electron microscopy to survey changes
occurring on biochar surface. Three main categories of alterations could
be observed: surface degradation, pore filling and foreign matter
adsorption. Prominent examples of the end members of these processes
are shown in Fig. 11. In Fig. 11 (A-A’) continuous surfaces display
degradation after the adsorption process. Cavities are developed dis-
rupting continuity and smoothness of the original surface. In Fig. 11 (B-
B’) porosities present in pristine material become occluded by foreign
fragments. In Fig. 11 (C-C’) smaller scale foreign fragmental material
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appears on previously clean surfaces.
3.4. Leaching of contaminants into mineral water

A leaching test has been conducted to verify that biochar does not
cause significant harm to water quality. Effect of biochar exposure has
been tested against store bought mineral water for 24 h using a dosage of
10 g/L. Such a dosage constitutes a common upper limit of adsorption
experiments as testified by (Dinh et al., 2022; Mahdi et al., 2018; Mohan
et al., 2007). Fig. 12 displays leaching happening but being limited to
values not breaching drinking water thresholds. This is true for both
major contaminants and trace elements.

4. Discussion

Comparing biochar FT-IR spectra in relation to their feedstocks of
plant origin (Table 1), we observe no significant differences among
them. All spectra show peaks between 1600-1400 em ! (e.g., with
shared peak around 1442 cm ™) typically derived from lignin, cellulose,
and hemicellulose products particularly evident in BC2, BC4, BC5, BC6,
and BC8 (Adhikari et al., 2024; Keiluweit et al., 2010; Mastalerz et al.,
2023). After oven treatment, collected spectra decreased in the intensity
of absorbance in the hydroxyl -OH region (3600-3200 cm™!). This
feature is likely due to the O—H stretching in “free” water molecules
(non-hydrogen-bonded) and/or coincident with the stretching vibra-
tions in alcohols, carboxylic, and phenol groups (lli¢ et al., 2022; Kei-
luweit et al., 2010). It is excluded that -OH group is part of sorbed water
in hydrous expandable clay minerals (Singh et al., 2016).

All biochar samples share a general feature in the oxygenated group
and aromatic carbon region 1710-1550 cm™': low intensity in
oxygenated functional groups, around 1700 cm™! in particular (C=0
stretching), coupled with high intensity between 1690-1640 cm ™! and
1640-1550 cm ™!, associated to conjugated aromatic stretching of C=0
and C—=C bonds, indicating a high degree of aromatic structure
condensation. Oxygenated functional groups, such as hydroxyl, carboxyl
and carbonyl, show low intensity or absence as production temperatures
increase. For example, in BC3 and BC7, produced through pyro-
gasification up to 850 C°, oxygenated functional groups have low in-
tensity (Fig. 9). On the contrary, in BC5, with pyrolysis up to 550 °C,
they are well distinguishable. FT-IR spectra of BC1 and BC9 suggest
lower pyrolysis maximum temperatures compared to the other studied
biochar. Broad and intense peaks observed at 1032 cm™! for BC1 and
1088 cm™! for BC are associated with the presence of undecomposed
cellulose and/or lignin fraction (Ili¢ et al., 2022; Keiluweit et al., 2010;
Reza et al., 2020).

Photographs of biochar samples (Fig. 1) and macroscopic description
in Table 1 display significant variability in fragment shape and size,
depending on both feedstock and production process. The relative
importance of these two factors is ruled by biochar type. For example, in
BC1 the process of palettization alters the original shape of the frag-
ments. Conversely, particle size and morphology remain unchanged
during production process as reflecting the rice husk feedstock of BC9.
Macroscopically, the different biochar types sit between these two end-
members. Most materials are provided with a heterogeneous grain size;
only three out of the nine biochar are homogeneous (BC1, BC2, BC9).
Some manufacturers do also offer biochar with specific granulometric
distributions. Presence of ashes is a common occurrence as well. The
only materials where their presence is negligible are BC2, BC4 and BC9.
Two biochar come humid out of the box (BC4 and BC9), while the others
are essentially dry.

Overall, the optical properties of biochar samples are similar. They
are characterized by dominance of high reflectance inertinite and
prevalence of fusinite. All biochar samples belong to the inertoid cate-
gory (>75 % unfused material and up to 40 % porosity) according to the
classification proposed for the first time by Lester et al. (2010) and
modified by Mastalerz et al. (2023). Differences are related to fragment
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shape, mineralisation, fracturing degree, alteration and pore
area-to-wall thickness ratio. They relate to both feedstock and produc-
tion process (Hassan et al., 2020; Ippolito et al., 2020; Rajput et al.,
2024; Tomcezyk et al., 2020; Yargicoglu et al., 2015). In detail, miner-
alisation is favoured by availability of suitable molecules (e.g., carbon-
ates) and high production temperatures (Lian et al., 2021; Zhao et al.,
2015; Zheng et al., 2013). Fracturing and alteration can be the result
only of thermal degradation, whereas feedstock certainly constitutes the
main controlling factor on pore area-to-wall thickness ratio, keeping
production temperature and heating rate constant (Mastalerz et al.,
2023; Werdin et al., 2020).

Traces of mineralisation detected under the microscope relate to
samples BC3, BC4, BC6 and BC7 (Fig. 3), are also confirmed by XRD
analyses (e.g., mainly calcite) (Fig. 6). The optical survey also indicates
occurrence of thermal alteration in samples BC8 and BC9. In the former,
alteration appears to be confined to one portion of the feedstock high-
lighting its initial heterogeneity. In the latter, alteration is limited to
fragment margins indicating incipient thermal alteration processes and
thus unable to cause full changes in the material (Morga, 2010, 2011).

Composition of analysed biochar falls within literature ranges for
lignocellulosic feedstocks. Carbon represents the greatest part of the
material (Hassan et al., 2020; Huang et al., 2019; Weber and Quicker,
2018). EDX results are broadly consistent with XRD where carbon and
oxygen are predominant and make up the amorphous carbonaceous
fraction of the material (Clemente et al., 2018; Hou et al., 2016; Keilu-
weit et al., 2010; Oleszczuk et al., 2016). However, it is worth noting
that a higher amount of carbon and oxygen does not necessarily corre-
spond to a higher amount of the amorphous organic fraction, as C is also
fixed in calcite (Clemente et al., 2018; Hou et al., 2016). Prominent
examples are samples BC3 and BC7 with 90 % and 87 % carbon content
(Fig. 5), are among the richest in carbon in the dataset. Despite this fact,
the amorphous fractions of such carbons (Fig. 6) are the lowest in the
dataset due to presence of significant amounts of calcite (13 % in BC3
and 33 % in BC7).

The ICP-MS results were mainly used to determine trace contaminant
contents already present in the biochar, with a focus on heavy metals.
Fig. 7 testifies that heavy metals are essentially present in all biochar
samples, at least to some extent. Their concentration range from below 1
to over 100 ppm. Zinc and cadmium are the most and least abundant
elements, respectively.

The study area is the hydrographic network surrounding the
decommissioned Malagrotta landfill. It was identified with the support
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of local environmental authority. The choice was based on the area’s
long and controversial history, as well as water quality indicators
available in public reports (SIRA, 2024). These reports provide general
and qualitative descriptions indicating bad water conditions but do not
include analytical data, highlighting the need for further investigation.

A new sampling survey was performed (Fig. 2). Analytical results
revealed that chemical composition of surface waters were not alarming.
On the contrary, they were below the limits for drinking water estab-
lished by the Italian government (D. Lgs., 2023).

Survey results for major chemicals (Fig. 10) show higher concen-
trations at TU and TD sampling points along the tributary stream. Such
amounts increase moving downstream. They are also greater with
respect to MU and MD points along the main river. Concentrations at TU
and TD are likely due to the limited amount of water present in the
tributary stream compared to the main river. Along the main river
substances are much more affected by dilution (MU and MD). For
detected trace contaminants (Fig. 10), overall concentrations in the
tributary stream are lower than those recorded along the main river.
This means that the input coming from sources along the tributary is
negligible compared to those along the main river. This phenomenon is
exemplified by Nichel’s behaviour throughout the four sampling points.
Nichel is absent in MU and MD but is present in TU and TD, increasing as
one goes downstream. This fact implies a source along the tributary ad
subsequent dilution after confluence into the main river. Sampled water
has also been employed to check possible changes of biochar surface
structure due to interaction with environmental waters, as suggested by
literature (Das and Sarmah, 2015; Goni-Urtiaga et al., 2022; Spokas
et al., 2014).

The contaminant concentration ratio between surface water and
biochar is a fundamental parameter to consider while evaluating
adsorption processes. In this study feasibility of biochar treatment for
surface water bearing very low contaminant concentration is explored
through high resolution techniques in ICP-OES and ICP-MS. A compar-
ison of the obtained results evidenced that trace elements are more
abundant in biochar samples than in water. This does not allow detec-
tion of adsorption on biochar.

Another potential issue associated with biochar usage is leakage of
contaminants from the biochar itself. This is especially true if significant
concentrations are already present in the original feedstock (Kim et al.,
2020). Biochar employed in this study contains considerable concen-
trations of heavy metals and other trace contaminants (Fig. 7). Leaching
tests have been performed to assess safety for a potential environmental

Fig. 6. Semiquantitative XRD composition of biochar samples, expressed in percentage. Note the prevalence of amorphous matter throughout all biochar samples.

See supplementary materials for numerical data and descriptive statistics.
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Fig. 7. Quantitative ICP-MS data on biochar samples, showing element concentrations ( % or ppm, logarithmic scale). See supplementary materials for descrip-
tive statistics.
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Fig. 8. PH and electric conductivity (EC) values of biochar samples. Reported
values are averages of triplicate measurements, according to Singh et al. (2017).
Pearson’s test has been performed to ensure statistical soundness of the
correlation.
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application. Biochar dose (10 g/L) for leaching experiments was chosen
according to upper optimal dosages used in synthetic adsorption ex-
periments of heavy metals (Mohan et al., 2007; Li et al., 2013; Chen
etal., 2022; Zhang et al., 2023a; Bayar et al., 2024). The matrix (mineral
water) represents a bottom threshold for biochar use in terms of
contamination. Testing leaching in this way guarantees safety also in
less critical conditions, characterized by lower dosages and higher dis-
solved contaminant concentrations (Sun et al., 2022; Zhang et al.,
2023b; Tamsaard et al., 2022; Van Hien et al., 2020). Moreover, in such
instances, the impact of leaching is comparatively less crucial with
respect to the removal potential.

The results confirm some leaching from biochar. However, this is
limited to few ppms (Fig. 12) and does not compromise water quality to
an extent that would make it unsuitable for its intended use. This is
especially important considering employed dosages in this study, which
are at the upper end of those commonly applied in adsorption experi-
ments (Dinh et al., 2022; Li et al., 2013; Mahdi et al., 2018; Mohan et al.,
2007; Moyo et al., 2016).

5. Conclusion
5.1. Research outcomes

Nine commercial biochar from Italy, France and Germany, produced
by either pyrolysis or pyro-gasification, have been characterized to

Fig. 9. Comparison among representative normalized FT-IR spectra for biochar samples. The band areas, representing the main functional groups, are highlighted in
light grey. Due to variations in absorbance intensities, characteristics of each biochar are not always clearly distinguishable in the figure. For detailed observations,

single spectra are provided in the supplementary materials.
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Fig. 10. Contaminant levels for the four sampling points, alongside detection limits and drinking water limits (logarithmic scale). Left: major contaminants in mg/L;

right: trace contaminants in pg/L.

Fig. 11. Representative SEM images of the main observed types of biochar-environmental waters interaction; Left images (A, B, C): biochar before water treatment;
Right images (A’, B’, C’) post-treatment biochar. A-A’) Surface degradation in sample BC1; B-B’) Pore filling in sample BC2; C-C’) Adsorption of foreign matter in

sample BC7.

detect their physical-chemical properties. These biochar were tested
with surface and mineral water todefine their physical-chemical modi-
fications. The aim is to frame a potential biochar applicaton for envi-
ronmental remediation through the case study of Malagrotta landfill.
Biochar properties are influenced by both feedstock and production
processes (Janu et al., 2021; Tomczyk et al., 2020; Weber and Quicker,
2018; Zheng et al., 2013). Macroscopically common features are het-
erogeneous grain size and presence of ash. Shared optical property is the
dominance of high reflectance inertinite. All samples fall within the
inertoid class based on current coal char classification. Feedstock and
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production processes influence variations in fragment shape, minerali-
zation, fracturing, alteration, and pore area-to-wall thickness ratio (ac-
cording to Mastalerz et al., 2023). Mineralization is enhanced by
suitable inorganic components, while fracturing and alteration result
from physical stress (Zhao et al., 2021, 2015). These features are all
enhanced by thermal degradation.

Bulk compositional analyses (EDX, XRD) testify coherence of com-
mercial biochar with its laboratory counterparts underscoring carbo-
naceous content. The same goes for extensive properties: pH is basic for
all biochar ranging from a minimum of 8.0 in BC8 and a maximum of
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Fig. 12. Contaminant levels in water samples before (NOBC) and after the leaching testing (logarithmic scale). NOBC values relate to pristine mineral water. BC1
through BC9 relate to leaching of each biochar sample. Detection and drinking water limits are reported to aid interpretation. Top: major contaminants in mg/L;
bottom: trace contaminants in pg/L. See supplementary materials for descriptive statistics.

12.4 in BC7. Electric conductivity (EC) ranges from 230 pS in BC1 up to
2417 pS in BC7. Electric conductivity grows exponentially with pH. ICP-
MS (Fig. 7) was employed to survey trace element concentrations and
compare them with those of surface water.

Surface waters belong to the decommissioned Malagrotta landfill
area. Despite publicly available data testifiying scarce water quality
levels, chemical contaminants mostly reside below drinking water
thresholds. As a consquence, monitoring of adsorption perfomance on
biochar is intrinsecally hindered. Biochar contaminant levels shadow
changes in trace contaminant concentrations. Nevertheless, biochar-
water interaction caused physical alteration on biochar (Das and
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Sarmah, 2015; Goni-Urtiaga et al., 2022; Sorrenti et al., 2016). Observed
phenomena were categorized in surface degradation, pore filling and
adsorption of foreign matter. Leaching tests with 10 g/L dosage and
mineral water were conducted in order to evaluate contaminant release
from biochar and ensure safety. Leaching was detected but limited to
few ppms, hence not significantly impacting original water quality.
Characterization of commercial biochar is necessary to select
appropriate applications. Choosing a suitable context is equally impor-
tant. The surface waters of the Malagrotta area did not bear high enough
pollutant concentrations for biochar action to be properly detectable.
Such a background is instrumental in establishing a bottom threshold for
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biochar application becoming especially important when it comes to
trace element removal. Nevertheless, biochar would be safe to use even
where adsorption results would not be satisfactory.

5.2. Future perspectives

These data can be employed to bring forth biochar specific water
treatment policies, in particular regarding standardization. Such mea-
sures have already been put in place for activated carbon for treatment
of water intended for human consumption in EN 12,903:2009, EN
12,915-1:2009 and EN12915-2:2009 (CEN, 2009a; 2009b; 2009c)
Similar procedures could be developed for biochar for surface water
treatment creating an analogous tool to standard EN 12,902:2004 con-
cerning products used for treatment of water intended for human con-
sumption (CEN, 2004). Additionally, guidelines for the characterization
of the application context should also be included to ensure adherence to
the European water framework directive 2000/60/EC (EU, 2000).

Biochar bears enormous potential for water purification. Further
research efforts should concentrate in finding the best case scenarios for
biochar application to exploit this potential to its full extent (Castiglioni
etal., 2022; Dinh et al., 2022; Inyang et al., 2016; Inyang and Dickenson,
2015; Mahdi et al., 2018; Xiang et al., 2020). In order to scale up its
usage widely available materials need to be employed; hence thorough
standardised characterization of commercial biochar is needed (Masek
et al., 2018; Meyer et al., 2017). In this way the environment not only
benefits through clean water, but also thanks to biochar’s carbon storage
potential (Morin-Crini et al., 2022; Nair et al., 2017; Oni et al., 2019). In
fact, at the end of water purification through biochar, according to the
adsorbed pollutants, it can also be employed in many other applications,
in accordance with the key principles of circular economy and sustain-
able development (U.N., 2023; Hak et al., 2016; Tagliaferro et al., 2020;
Wheater and Gober, 2015).
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