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ces: systemic & circular solutions
for (agro)environmental services
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Barroso,bcdf Alex Seguel Fuentealba,g Sebastián Meier Romero,hl Radovan Savić,i

Sarvamangala S. Cholinjk and Jelena Horvatineca

The global promotion of decarbonisation through the circular solutions and (re)use of bio-based resources

(BBR), i.e.waste streams, notably from the agricultural, forest andmunicipal sectors has steadily increased in

recent decades. Among the transformative solutions offered by BBR, biosolids (BS), biochars (BC), and

bioashes (BA) specifically attract scientific attention due to their highly complex organo-mineral

matrices, which present significant potential for recovery in the agro-/forest-ecosystems. These

materials enhance various soil (i) chemical (pH, macro/micro nutrient concentrations, organic matter

content), (ii) physical (porosity, water–air relations, compaction) or (iii) microbial (diversity, activity)

properties. Furthermore, some of transformed BBR contribute to a multitude of environmental services

such as the remediation of contaminated sites and wastewater treatment, employing cost-effective and

eco-friendly approaches that align with circular economy/waste management principles, ultimately

contributing to climate change mitigation. However, several challenges impede the widespread

utilization/transformation of BBR, including technological limitations in processing and application,

concerns about contamination (e.g., PAHs, PCBs, micro/nano plastics present in BS), toxicity issues (e.g.,

heavy metals in BA or nanoparticles in BC), and regulatory constraints (e.g., non-uniform regulations

governing the reuse of BA and BS). Addressing these challenges demands an interdisciplinary and

intersectoral approach to fully unlock the potential of BBR in sustainable decarbonisation efforts.
Svetosimunska c. 25, Republic of Croatia.
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1. Introduction

Waste management has become a pressing global concern due
to population growth and urbanization1 and the negative
impacts on the environmental quality and public health.2 The
modern consumer-driven economy has led to an increase in
waste generation; the constant production of disposable goods,
packaging, and electronics is adding to the waste crisis.3 The
environmental challenges associated with waste management
are profound, given their adverse effects on air and water
quality, soil health, and the greenhouse gas (GHG) emission.4

Thus, the need for effective and more sustainable, i.e., circular
waste management solutions (Fig. 1) has become imperative.
Namely, contemporary waste streams contain valuable
resources (metals, organics, bres, minerals) that are being lost
to landlls instead of being recycled or reused (Fig. 1). Conse-
quently, contemporary environmental policies and strategies in
their long-term vision have incorporated numerous goals to
transform the agro-industrial sectors into low-environmental
impact, climate-neutral, resource-efficient, and circular solu-
tions by transforming and utilizing different waste materials,
i.e., resources (Fig. 1). Among different such waste streams, bio-
based resources (BBR) emerges as a prominent concern due to
their intricate composition,8 diverse sources, and substantial
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Principles of circular waste management and transforming of
bio-based resources (BBR) into the value-added products.5–7
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environmental implications,9 necessitating tailored manage-
ment approaches and innovative utilization strategies (Fig. 1).

BBR encompass a broad spectrum of organic materials
derived from native sources, including agricultural and forestry
by-products/residues, organic residues from food processing,
municipal waste and other bio-based materials (Fig. 1). Recog-
nizing the potential of BBR as a valuable pool for various
applications, efforts are being made to develop innovative
technologies and strategies to efficiently manage and utilize
them more sustainably.10 By harnessing the potential of BBR it
is possible to not only mitigate environmental impacts (e.g.,
GHG emission), but also create new economic opportunities
and contribute to the transition towards a more sustainable and
circular (bio)economy (Fig. 1).

The European Union (EU) has established several obliga-
tions with regards to waste management and energy targets, as
outlined in the EU Waste Framework Directive,11 Renewable
Energy Directive,12 European Green Deal,13 Farm to Fork
strategy,13 and the Circular Economy Action Plan.13 Some of the
key obligations for EU member states include: (i) reduction of
waste generation, (ii) separation/reusing of waste, (iii) landll
targets (e.g. states are required to reduce the amount of biode-
gradable municipal waste sent to landll by up to 35% by 2020,
and to reduce landlling to a maximum of 10% of municipal
waste by 2030 (ref. 14, iv) waste treatment standards (e.g.
incinerators and landll sites must meet strict environmental
and operational standards to minimize the impact on human
health and the environment), (v) promotion of renewables (e.g.
biomass plant facilities), and (vi) reach at least a 27% share of
© 2024 The Author(s). Published by the Royal Society of Chemistry
renewable energy by 2030. Following on these targets, utiliza-
tion of biomass has increased signicantly in recent decades.15

The promotion of the benets and opportunities of renewables
has led to a signicant increase in the number of biomass plant
facilities, consequently rising the generation of valuable BBR,
particularly bioash (BA) by-product16 (Fig. 1). Currently, 70% of
BA is landlled, 20% is used as a soil conditioner in agri-/forest
sector, and 10% is used for miscellaneous applications.5 The
signicant cost of BA management (100–500 EUR per t) with the
landll costs expected to increase in the future as a conse-
quence of waste tax or disposal fee, difficulties in acquiring new
landll sites, and the stricter EU landll directives.17 Thus, it is
essential to identify environmentally sustainable and econom-
ically viable approaches for applying or transforming BA to
value-added solutions.

The situation with other important BBR stream, such as
municipal solid waste (MSW), becomes even more complex.
MSW is dominated by several waste types (food waste, yard
waste, paper/cardboard and plastics),18 and its qualitative–
quantity properties and transformative routes vary greatly
among: (i) countries (developing vs. developed) and (ii) regions
(e.g., mostly naturally-based waste materials in the rural areas
vs. predominantly articially-based waste in urban/industrial
regions). For instance, in low and lower-middle income coun-
tries, organic waste typically comprises 53–56% of MSW, with
annual yield of 220–290 kg per capita.19 However, exceptions
like Sri Lanka are notable, where food waste represents 50–76%
of the total MSW.20 Food waste triggers substantial economic,
environmental, and social implications, necessitating the
urgent implementation of reduction strategies.21 It is estimated
that ∼88 Mt of food waste is generated in EU each year.14,22,23

Reducing food waste in the EU by 30% could result in annual
savings of V120 billion, creating jobs and improving resource-
use efficiency.14,22,23 To address the economic impact of food
waste in EU countries, the target is to reduce food waste by 50%
by 2030, as a part of the EU's broader efforts to a circular (bio)
economy transition.13 Conversely, in developed countries MSW
is dominated by other waste materials (e.g., plastic, paper) with
annual yields reaching up to 420 and even 780 kg per capita in
upper-middle income and high-income countries, respec-
tively.19 According to the most recent statistical consolidated
report, in 2022, the EU produced 513 kg of MSW per capita, with
49% of that waste being recycled through material recycling
(30%) and composting (18%), followed by incineration (26%),
landlling (23%) and other treatments (3%) (Table 1). Accord-
ing to the same source in the EU there has been a signicant
change in municipal waste treatments in last several decades.
For instance, in the 1995–2022 period incineration has
increased by 98%, from 30Mt (70 kg per capita) to 59 Mt (133 kg
per capita), mostly at the expanse on reduced landll, which
dropped by 56%, from 121 Mt (286 kg per capita) to 53 Mt (118
kg per capita) (Table 1).

It is proposed that the bulk of non-recyclable MSW is opti-
mally thermally processed by pyrolysis or incineration,
primarily resulting in: (i) energy (thermal, electrical), (ii) fuel,
and (iii) high-C (biochar) or (iv) low-C mineral residual (ash)
matrix24 (Fig. 1). The conversion of BBR into biochar (BC)
RSC Adv., 2024, 14, 23466–23482 | 23467
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Table 1 Municipal solid waste (MSW) management in the EU, 1995–2022 (ref. 19)

Management

1995 2000 2005 2010 2015 2020 2022
Change 2022/
1995 (%)

Mt kg per cap. Mt kg per cap. Mt kg per cap. Mt kg per cap. Mt kg per cap. Mt kg per cap. Mt kg per cap. Mt kg per cap.

Landll 121 286 112 262 88 202 79 178 57 127 54 121 53 118 −56 −59
Incineration 30 70 36 84 45 103 53 121 57 128 62 138 59 133 98 91
Recycling 23 54 38 87 46 105 55 125 63 141 69 154 68 153 196 181
Composting 14 33 23 53 26 59 29 66 33 75 43 96 43 96 203 187
Other 10 23 11 27 16 37 6 13 4 9 4 9 6 14 −37 −40
Total 198 467 220 513 220 506 222 503 213 480 232 519 229 513

Fig. 2 Schematic presentation of a wastewater treatment plant as
a resource of biosolids (BS) and value-added (co)products (A). Sewage
sludge landfill at Zagreb Wastewater Ltd (B). Liming of fresh sewage
sludge (C). Sampling of aged sewage sludge in undisturbed conditions
(D). Reproduced (adapted) with permission from ref. 32. Copyright©
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provides signicant environmental benets, including
enhanced soil fertility/water–air relations, C sequestration,
higher crop yields and mitigation of climate change impacts
(more in Section 4).

At the global scale, 216 Mt of annually collected MSW
undergo incineration in approximately 2000 thermal plant
facilities mostly in high-income (Japan, EU, China, USA) coun-
tries.19 In the EU utilization of MSW-derived ash is already
practiced, but to a small extent (e.g., in Belgium, Netherlands,
Luxemburg, France, Germany) and mainly for low-value appli-
cations (e.g., road sub-base material).25 As avoiding of land-
lling completely is still out of reach, it represents signicant
environmental and human health risk due to a wide range of
organo-mineral contaminants in the MSW-derived ash matrix.11

In particular, incineration is commonly applied for sewage
sludge management, oen reffered to as biosolids (BS), which
originate from the wastewater treatment.26 BS management
poses a persistent challenge as comprehensive solutions for this
complex matrix and proper regulations are still lacking (more in
Section 2). Most of the world's BS-derived ash is still landlled
at a signicant additional cost to the utilities given on its clas-
sication as a potential hazardous waste (more in Section 2).

In recent decades BBR from the municipal, agricultural and
forest sectors has steadily increased, and among the trans-
formative solutions offered by them, BS, BC, and BA have
attracted increasing interest as they are recognized to be valu-
able sources of macro and micronutrients (N, P, K, Ca, Mg, Zn,
Cu, Mo, Mn), minerals (silica, struvite, limestone, dolomite),
and organics (amino acids, proteins, humates, fulvates).27,28 The
latest regulations on waste and wastewater management29

promote the utilization of reclaimed P, N, K and trace elements
in fertilizers, necessitating their large-scale implementation.
One effective approach to minimize resource consumption and
emissions involves the utilization and transformation of BBR
into value-added products, thereby reducing reliance on
synthetic fertilizers, transportation, and energy, while also
generating added economic value.30 Thus, it is believed that
next-generation products (e.g., soil conditioners, fertilizers, bio-
composites) and technological processes (e.g., slow/catalytic
pyrolysis, nano-coating) will utilize BBR as multi-source waste
streams, aiming to have ecological (green) and economical
(smart) impacts on recycling, reusing, and repurposing waste
streams to achieve cost-effective and circular waste
23468 | RSC Adv., 2024, 14, 23466–23482
management, reducing landlling (Fig. 1), as critically dis-
cussed in this review.
2. Biosolids (BS): resources of
nutrients & organics

BS represent a complex organo-mineral by-product of the
wastewater (sewage) treatment plant facilities,31 generated from
the separation of solid sewage sludge from liquid wastewater,
undergoing mechanical (physical), biological and/or chemical
treatments31 (Fig. 1) to reduce pathogens, diminish vector
attraction and stabilize organic matter (Fig. 2). Recent studies
indicate that ∼80% of global wastewater is released into the
2023, Uni. of Zagreb, ref. 33 Copyright© 2023, Springer Nature.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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environment without appropriate treatment,6 resulting in the
current global production of 100–125 Mt of wet BS, which is
projected to increase to 150–200 Mt by 2025.34

BS are generally characterized by their high content of solids
(15–90%), depending on the age, prole position (Fig. 2),
composed dominantly of organic matter (OM) and macro/
micronutrients (P, N, K, Zn, Fe, Cu, B, Mo, Mn),7 making
them suitable resources for amelioration of organically-
depleted and nutrient-decient land resources in agro-
ecosystems (Fig. 2). Fertilizers for conventional agri-food
production primarily contain essential nutrients (N, P, K, Ca,
Mg and S) in different natural or synthetic forms, such as
anhydrous ammonia (NH3), urea (CH4N2O), urea-ammonium
nitrate, Ca-/Mg-ammonium nitrate, rock phosphate, mono-/di-
ammonium phosphate, superphosphate, Ca phosphate
hydroxyapatite, struvite, potash (KCl), potassium sulphate, etc.35

In 2020, a total of 147 Mt of NH3, 219 Mt of phosphate, and 44
Mt of KCl were synthetically produced or mined.36 However,
recent estimates suggest that the municipal wastewater gener-
ated worldwide carries sufficient nutrients to substitute for 25%
of N and 15% of P currently applied as synthetic fertilizers on
agroecosystems,37 representing such waste stream a valuable
source of nutrients (Fig. 2). For instance, in the urine and slurry
under increased pH reaction and concentration of main ions is
facilitated the precipitation of a mineral struvite (magnesium
ammonium phosphate hexahydrate; MgNH4PO4$6H2O),38

known as MAP, which can be recovered from the wastewater
streams as a complex fertiliser.39 In addition, different
approaches have been applied to recover potassium struvite
(MgKPO4$6H2O) from other waste streams, including a pig
slurry following (de)nitrication and extraction from crop resi-
dues.36 For instance, struvite precipitation from wastewater has
the capability to produce on a daily basis 17.3 kg of struvite from
1000 m3 of sewage.40 Hence, struvite mining from municipal
effluents/biosolids offers numerous benets, including
prevention of hydro-resources from nutrient pollution (eutro-
phication), reducing the need for synthetic fertilizers and GHG
emission, improving soil fertility, and promoting sustainable
and circular waste management integrated with agriculture
practices. For example, synthetic N fertilizers, generated
through the energy-intensive Haber-Bosch process (reduction of
atmospheric N with H to NH3), account for 1.8% of global
energy consumption and contribute 1.8% to global CO2 emis-
sions.36 Additionally, the recovery of struvite helps to conserve
valuable phosphate rocks as a nite non-renewable resource,41

contributing to the circular bioeconomy by harnessing bio-
based waste into a valuable resource for agri-food production.
2.1 Biosolids (BS) & restriction in use

Additionally, BS have the capacity to enhance physical pedo-
variables, improving water–air relations, reducing the bulk
density and increasing soil porosity,42 particularly in heavy-
textured (clayey) and poorly structured soils. However, BS have
physically, chemically and biologically very complex and divers
matrices,43 making them challenging for effective use as
standardised soil amendments. For instance, a summary
© 2024 The Author(s). Published by the Royal Society of Chemistry
statistic of nearly 500 samples of aged BS (from one to over 10
years) taken in undisturbed conditions by inox cores (100 dm3)
revealed signicant heterogeneity (p < 0.001) in their physical
properties. The average mass of fresh BS ranged from 103.21 g/
100 cm3 (surface layer at a height of 200 cm) to 200.84 g/100 cm3

(layer at a height of 40 cm), whereas dry samples (at 105 °C)
exhibited even greater variability, ranging from 48.36 g/100 cm3

(at a height of 40 cm) to 162.95 g/100 cm3 (at a height of 120
cm)32 (Fig. 2D).

According to the recent report, out of ∼3.8 M dry metric tons
of BS generated in the USA, the majority (56%) has been applied
to land areas (31% in agriculture and 25% in home gardens,
landscapes, forestry), following landlling (27%), incineration
(16%) and other treatments33 (Fig. 2B). Similarly, the European
Commission's report indicates that nearly 40% of BS produced
in the European Union is recycled in the agri-sector.44 In Aus-
tralia, out of the 350 000 t dry BS generated annually even 83% is
benecially utilized, primarily within agroecosystems (75%),
followed by stockpiling (13%), while the rest is allocated to land
reclamation, landscaping, landlling, and other purposes.45

However, prior to land application, sewage sludge, i.e., BS
should be stabilized, which commonly includes processes that:
(i) decrease the volatile solids andmoisture content, presence of
pathogen microorganisms, colour and odour46,47 and (ii)
immobilise/inactivate inorganic contaminants, notably toxic
metal(oid)s48 and metallic nanoparticles.34

Stabilisation of sewage sludge occurs by different physical,
chemical and biological treatments, considering economic and
regulatory requirements (Fig. 2). In chemical conditioning,
alkalization of sewage sludge to inactivate pathogens is a prev-
alent method, primarily achieved using relatively homogeneous
lime-based matrices (CaO; Fig. 2) due to their heightened
reactivity and substantial specic heat capacity, which facilitate
efficient pathogen eradication.34 However, other transformative
products of BBA such as relatively more complex BA, owing to
their highly alkalinity and reactivity (more in Section 4), have
also been validated as effective matrices in sewage sludge
management. For instance, studies conrm that the pHpzc
(determines the surface charge of the sorbent at a certain pH
reaction) of ten different BA are very high, from 9.5 in wood ash
to 12.73 in mustard ash.49,50 Alkaline disinfection implies the
inactivation of pathogens at pH > 12 (ref. 51) which is very
common pH reaction of many BA. For instance, addition of y
BA at 1% w/v rate to pH neutral watercourse is able to increase
pH reaction by >5.0 pH units in several minutes49 reported that
incorporating 1% w/v of three distinct y BA into pH neutral
sewage elevated pH reaction to 10.1–12.7, inactivating faecal
coliforms and intestinal enterococci while facilitating decolor-
ization. According to Wójcik et al.,52 the application of wood BA
at the high rate of 30 g dm−3 dewatered the sewage sludge
nearly by 30% and reduced the total bacterial number by >50%
vs. the raw sewage sludge. Likewise, studies by Lim et al.53 and
Wójcik et al.54 have shown enhanced sewage sludge dewatering
and microbial quality through pathogen reduction following
the ash addition.55,56

However, if the pH of disinfected sewage sludge falls below
9.5 prior application, there is an additional consideration for
RSC Adv., 2024, 14, 23466–23482 | 23469
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dealing with pathogen contamination. Empirical studies have
shown that mixing ash with sewage sludge can also improve soil
fertility and promote the growth of various plants.57–59 In addi-
tion,60 have shown that the incorporation of y ash into the
alkaline stabilisation process of sewage sludge effectively
prevents a decrease in pH and the subsequent re-emergence of
pathogens over a period of two months. In a eld trial,61

investigated the effects of ash-sludge mixtures on wheat and
observed a signicant increase in grain yield and biomass
production. In particular, the nitrogen uptake of wheat was
signicantly increased by the ash-sludge mixtures, especially at
higher sludge application rates. More recently,58 investigated
the inuence of these mixtures on the yield and quality of grass
legumes in a six-year eld experiment. It was recorded that the
ash-sewage sludge mixture can substantially enhance soil
fertility, increase plant biomass and uptake of potassium and
magnesium. However, even stabilised and aged BS are oen
(over)loaded with a range of persistent toxic (i) inorganic
(metals/metalloids, metallic nanoparticles)62 and (ii) emergent
organic (furans, halogens, nonylphenols and nonylphenol
ethoxylates, polyaromatic hydrocarbons, linear alkylbenzene-
sulfonates polychlorinated biphenyls, polychlorinated dibenzo-
p-dioxins) contaminants,44 hardly to be immobilised or
removed from the BS matrix.

Presence of such contaminants in the BS has restricted their
use in agroecosystems,63 continuously improving their use and
management. In addition, substantial knowledge gaps persist
in comprehending the transport and environmental implica-
tions of emerging contaminants and their metabolites,
including metallic nanoparticles or organic per- and poly-
uoroalkyl substances (PFAS), which remain unaddressed by
existing regulations.34 Therefore, beside of some traditional
solutions in BS management (landlling, land application,
composting), treatments such as pyrolysis (Section 3) or incin-
eration (Section 4) have been recognized as viable options in BS
management. These approaches offer efficient ways to reduce
the volume of BS, eliminate pathogens and reduce vector
attraction, generating additional value-added products (Fig. 3).
Fig. 3 Some of the most important transformative solutions of bio-
based resources (BBR) and their environmental functions and impli-
cations. Reproduced (adapted) with permission from ref. 5. Copy-
right© 2021, Elsevier, ref. 64 Copyright© 2019, Elsevier, and ref. 65
Copyright© 2012, Springer.

23470 | RSC Adv., 2024, 14, 23466–23482
3. Biochar (BC): an intermediate level
in transformation of bio-based
resource (BBR)

Thermochemical transformation of BBR (e.g. agricultural or
forest waste/residues) can be performed through different
stages and processes such as rapid or pyrolysis, torrefaction,
hydrothermal or ash carbonization and gasication.66 Pyrol-
ysis occurs in the absence of O2 and at relatively lower
temperatures (vs. incineration), resulting in the formation of
a very complex biochar (BC) matrix67 (Fig. 1). Both conversions,
either pyrolysis or incineration (Section 4) do not only reduce
the volume of BBR but also generate additional products and
energy (Fig. 1).68 The primary applications of BC are intertwined
with its numerous benecial impacts on chemical, physical and
biological pedovariables, encompassing enhancements in (i)
water and air relations,69 (ii) nutrient and pH recovery,70 (iii)
cation exchange capacity (CEC),71 (iv) rhizosphere microbial
biodiversity and activity,72 (v) crops biomass and yield perfor-
mances,73 (vi) soil remediation,74 (vii) catalysis, and materials
for energy storage and generation.7 Biosolid-derived BC may
exhibit distinct properties compared to those derived from
biomass, potentially leading to variations in their applications.
For instance, BS-derived BC serves as a P source, holding
promise for replacing soluble mineral fertilizers, as it can
enhance P availability by 38-fold,75 thereby fostering increased
crop yields.76 Generally, alkaline pH reaction of BC may be
attributed to elevated concentrations of alkali constitutes (Ca,
Mg, K oxides77) Nevertheless, the impact of biochar on soil pH
depend on various parameters, including the applied dose and
pH of BC, initial soil pH reaction, and the buffering capacity
(CEC) of soil and BC matrix.7 The application of BC has been
shown to increase the soil CEC, owing to its large specic
surface area and abundance of functional groups (Fig. 4).
Moreover, recent advancements in nanotechnology have
successfully facilitated the creation of various nano-sized forms
of synthesized materials5 enhancing surface potential, porosity,
dispersivity, surface area, and surface functional groups in
manymodernmaterials, including nano BC.72 Nano BC consists
of ultrane nano-scale particles, a negatively charged surface,
reactive organic species, free radicals, and a surface area
surpassing its size79 (Fig. 4). Such nano-based performances
improve BC mobility in various media and its stability in
colloidal form. Notably, NB's large surface area relative to its
size and negative surface charge make it an effective adsorbent
for nutrients and immobilizing agents of chemicals or
hazardous substances in diverse environments, particularly
contaminated soil and water matrices80 (Fig. 4). For instance,
magnetized nano BC (coated nano BC with iron oxide particles)
enhances both magnetism induction and availability of active
sites for contaminants removal, thereby facilitating easy sepa-
ration from solution and boosting adsorption capacity.66

Nutrient adsorption capability was demonstrated by ref. 81,
who observed a reduction in nitrate losses (up to 60%) aer
application of nano BC. Similarly,82 found that application of
nano BC decreased N surface translocation to subsurface layers,
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Hardwood-derived biochar (BC) characterised by scanning
electron microscopy – SEM (A) and energy dispersive X-ray spec-
troscopy – EDX (B), with a solid-state 13C CP-MAS NMR spectra of
fresh and aged BC (C). Reproduced (adapted) with permission from ref.
78 Copyright© 2015, Taylor & Francis, and Ondrasek et al., unpub-
lished Kliknite ili dodirnite ovdje da biste unijeli tekst.
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elevated K content in the topsoil, and consequently increased
maize grain and total yield. However, recent ndings by ref. 73
reveal that a relatively lower dose (12.5%) of manure-derived
nano BC demonstrated benecial impacts on soil micro-
biomes, their activity, nutrient mineralization, and the mineral
performance of test corn plants in fertilizer mixtures.
Conversely, at relatively higher nano BC rates, adverse effects
can be expected, particularly onmicrobial biomass and nutrient
uptake. In addition, the incorporation of nano BC into fertilizer
mixtures showed promise in mitigating NH3 emissions.83 These
ndings emphasize the importance of careful consideration of
nano BC concentration levels and their implications for soil
© 2024 The Author(s). Published by the Royal Society of Chemistry
health and crop productivity in agricultural practices, warrant-
ing further research to optimize BC application strategies for
sustainable (agro)ecosystems.

Namely, specic physicochemical properties, such as the
presence of numerous active radicals/groups, including
aliphatic (C–H) and aromatic carbon (C]C), hydroxyl (–OH),
carboxyl (C]O), sulfonyl (S]O), ester (C–O–C), N–H (aliphatic
amines), and C^N–R (nitrile) have conrmed BC's promising
role as matrices in environmental protection73 (Fig. 4). It was
conrmed that soil amelioration with BC can shi the rhizo-
sphere biogeochemistry (e.g. from acidic to neutral or alkaline),
providing suitable conditions for immobilization of toxic
metallic forms and subsequently reducing heavy metal
bioavailability and transfer to biota (Fig. 4). Additional mecha-
nisms of contaminates immobilisations are related to electro-
static interactions, ionic exchange and the specic binding of by
surface ligands84 (Fig. 4). For instance,84 observed a reduction in
Cd phytotoxicity aer application of nano BC to Brassica
chinensis L. grown in Cd-contaminated pedosphere. In addition,
the same authors noted that BC signicantly enhanced micro-
bial biomass, abundance and diversity of benecial microbes
for reclamation of metal-contaminated soils (Actinobacteria,
Bacteroidetes), while concurrently reducing the diversity of Pro-
teobacteria, which exhibited greater persistence in metal-
contaminated soil compared to the control without BC
addition.
4. Bioash (BA): a final level in
transformation of bio-based resources
(BBR)

The transition from fossil fuels to green energy, along with the
promotion of renewable and sustainable energy sources, has led
to a growing reliance on agro-/forest-originated biomass
resources.85 For instance, in Croatia potentially available agro-
biomass is estimated at ∼3.1 Mt per year, with the energy
potential of 14 206 GW h per year, substituting nearly 90% of
the average energy production from the forest biomass and
reducing the energy import by almost 20%.5 The importance of
the potential for energy production from bio renewables is
illustrated by China's production of approximately 1.2 Mt of
forest-/agri-residues of which a half remains unexploited.86 The
portion of biorenewables plant facilities is continuously
increasing due to growing awareness of environmental
sustainability, advancements in biotechnology, and the pursuit
of renewable energy sources as alternatives to fossil fuels.87,88

Around 60% of agricultural biomass in China is available as
a feedstock for biofuel production and as a raw material for the
paper industry, while the rest (around 25%) is used as animal
feed or for nutrients (around 15%) recovery.89 Currently,
renewable energy sources account for around 18% of the total
global energy supply,90 with forest biomass accounting for
a signicant proportion of this, e.g. 70% of the feedstock in the
EU.91 However, a signicant concern stemming from the utili-
zation of BBR in energy production is the simultaneous gener-
ation of the by-product bioash (BA), which levels have
RSC Adv., 2024, 14, 23466–23482 | 23471
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multiplied within the EU (from 5.6 to 15.5 Mt per year) and
globally (nearly 500 Mt per year) during the 2005–2020 period.88

BA is concentrated in minerals and nutrients, and has an ultra-
alkaline (pH > 12) and low carbon matrix,5 although with
possible hazardous components such as PAHs, PCBs and/or
toxic metal(oid)s.92 Despite its diverse structural properties,
BA can be effectively utilized to recovery pH reaction of acidic
and nutrient-decient soils (more in Section 6), to remediate
contaminated soils in agricultural and forestry ecosystems,5 in
industry,93 as well as in liquid/solid waste treatment processes49

(more in Section 7).
Fig. 5 Hypothetical acid neutralising capacity – ANC curves (titration
expressed in mL HNO3) from well-drained calcareous mineral clayey
soils to acid sulfate soils (A).105,106 ANC curves of biomass-derived BA
(75% wood chips + agro-industrial bio residues) generated from
a reciprocating grate combustion (B–D).107 ANC curve of forest wood-
derived fly BA generated by grate combustion (E).97 ANC curve of
biomass bottom BA (mixture of crop husks and woody by-products)
generated by circulating fluidized-bed combustion (F).102 ANC for
metallurgical slag (G).108 Inserted blue graph represents the soil Al
saturation relative to soil CEC at various pH values.105
4.1 Bioash (BA) & its potential in amelioration of soil acidity

The statistical assessment of physicochemical composition of
37 types (bottom, y and mixed) of hardwood-derived BA
revealed their strongly alkaline pH (11.8–13.1) reaction as
a consequence of high content of alkaline (CaO, K2O MgO
Al2O3) components.5 In the same study (i) bottom BA exhibited
elevated concentrations of pozzolanic oxides (SiO2, Al2O3, TiO2,
Fe2O3), rendering them suitable for industrial sector (e.g.
cement production), while (ii) y BA samples were recognised
by higher levels of N and K oxides, and (iii) mixed BA samples
contained elevated concentration of P and Ca oxide, as well as
Ca carbonate, indicating their capacity for adsorption/
precipitation reactions with metals94 or certain agrochemicals
in alkaline soil/aquatic environments49 (more in Section 8).
Such observations are in line with well-known wood-originated
BA eluates and their pronounced alkaline response (pH 12–13),
as a result of dissolution, hydrolysis and weathering of above-
mentioned alkaline carbonates, bicarbonates, silicates, oxides,
hydroxides, silanols, and other basic metal salts.95–97 These
alkaline constituents are capable of displacing exchangeable
H+, Mn2+, and Al3+ from the CEC, thereby inuencing soil
chemistry.98,99 Furthermore, certain ions, notably Al3+, can be
precipitated and subsequently removed from the soil prole.100

Consequently, BA is able to more effectively than some tradi-
tional liming conditioners neutralise wide range of acidic
pedospheres,28 including dystric cambisols,95 hydromorphic
gleysols,94 luvisol,101 ultisols,99,102 O-horizon of albic podzols,103

calcaric cambisol,104 increasing availability of most macro/
micronutrients (Fig. 5). Namely, in comparison to other
liming materials (e.g., dolomite, limestone, grits and dregs from
wood pulp facilities), many studies have shown that BA provides
a faster and stronger recovery of the soil pH reaction (by >2 pH
units) and a higher acid neutralisation capacity (ANC) than
other liming materials.64,95,109

Due to the relatively lower C content (compared to those of
BC and BS) BA are moderately dark to light grey,110 diverse in
size, morphology and shape, ranging from round, crystalline,
angular, amorphous, opaque (solid), magnetic, vesicular, opa-
que, cenosphere (hollow sphere), pyrophoric (sphere packed
with other spheres) to a complex mixture of porous agglomer-
ations with a nanoscale interstice (Fig. 6).

More than 200 types of different minerals and their fractions
have been identied in the BA matrix, containing mainly
elements such as P, K, Ca, Mg, Si, Zn, Fe, Mn and Al111 as
23472 | RSC Adv., 2024, 14, 23466–23482
revealed by XRD spectra (Fig. 6). For comparison, BA generally
contains less pH neutral S-basedminerals (e.g. arcanite – K2SO4)
than coal-originated ash,92 which additionally predispose BA
very effective in amelioration of soil acidity (Fig. 7) and/or
immobilisation of toxic metals (more in Section 7), given that
their dissolution initiates alkaline reactions, neutralizing acidic
soils and converting metals into less bioavailable forms.112

Furthermore, the quantitative meta-analysis (n = 10) revealed
a signicantly positive overall effect size (Cohen's d = 4.05, p
<0.001, 95% CI: 0.37, 7.74) for y BA application on soil pH
(Fig. 7). In brief, 90% of the effect sizes were positive, con-
rming a 23% increase in soil pH with y BA amendment.
Additionally, employing the samemeta-analytical approach, but
with the coal ash matrix (n = 19), it was also demonstrated
a positive response of soil pH (Cohen's d = 5.75, p = 0.002, 95%
CI: 2.14, 9.37); however, the increase occurred at a slower rate
(11%) following coal ash enrichment (Fig. 7).

Generally, chemical composition of BA is conditioned by
numerous factors such as: (i) ash type (y, bottom, cyclonic), (ii)
biomass source (hardwood, herbaceous, evergreen, decid-
uous),28,113 (iii) combustion parameters (e.g., temperature,
incineration technology96) and (iv) post-combustion (wet/dry
cooling) processing.114 For example, combustion temperatures
higher than 400 °C lead to a higher level of carbonisation and
promote the aromatic condensation of the degradable aliphatic
chains. This is followed by the reduction of oxygen, hydrogen
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Schematic presentation of the most common morphological
classes and specification of bioash (BA) particles (A) with a scanning
electron microscopy – SEM and X-ray diffraction – XRD micrographs
of bottom BA (B) and fly BA (C). Reproduced (adapted) with permission
from ref. 5. Copyright© 2021, Elsevier, ref. 28 Copyright© 2024,
Elsevier, ref. 94 Copyright© 2021, Elsevier, and ref. 109 Copyright©
2021, Elsevier.

Fig. 7 Response of soil pH reaction to fly bioash (A) and coal ash (B)
application.28
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and nitrogen through the processes of dehydration and decar-
boxylation. These processes lead to an improvement in the
structural properties of the material due to greater stability of
the carbon bonds.115 Thus, it is important to understand the
associations among physicochemical BA properties that reveal
the fundamentals of biomass properties and improve the
predictability of fuel quality (e.g., ref. 89), and allow selecting
optimal (post)combustion parameters to eliminate/immobilise
pollutants (PCBs, PAHs, toxic metals).

When evaluating the environmental risks of BA its physico-
chemical properties are crucial for inltration, salinization,
leaching,116 deposition, oxidation, and (de)carbonization.16,117

By Tao et al.89 multivariate analytical approach identied
a trend of increasing BA and carbon content in the next
sequence: woody species > herbaceous dicotyledons > C4 gra-
minoids > C3 graminoids. For instance, BA content in husks
© 2024 The Author(s). Published by the Royal Society of Chemistry
(∼18%) can be signicantly higher compared to that in wood,
which ranges from ∼1.0% in evergreen to ∼1.6% in deciduous
trees, or in bark, where it varies from ∼3.0% in evergreens to
∼4.5% in deciduous species. BA from herbaceous and agro-
based biomass tends to show less compositional variability
and contains comparatively more P, K, S, and Cl. Conversely,
wood-derived BA typically has a higher pH, along with elevated
concentrations of Mg, Ca, and Mn,118 exhibiting higher uctu-
ations in its composition. Generally, calcium content tends to
decrease, while silicon content increases in the order: woody
biomass > herbaceous dicotyledons > C4 graminoids > C3
graminoids.89
5. Bio-based resources (BBR) &
implications to biota

Numerous studies conrm that some BBR and/or their deri-
vates contain biologically active substances (Fig. 3) which can
induce signicant implications to biota, particularly affecting
fungi and bacteria119 as well as higher plants.120 Alterations in
bacterial communities and their compositions are mainly due
RSC Adv., 2024, 14, 23466–23482 | 23473
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to shis in soil physicochemical parameters, such as pH
elevation, increased electrical conductivity, and enhanced levels
of dissolved organic matter and/or nutrient availability121–125

(Fig. 3). For instance, a freshly collected y BA from lters is
generally free from pathogens, unlike other potentially
hazardous BBR-originated materials such as saturated sludge,
sewage sludge/BS or digestate, which are oen disposed of in
landlls108,126 or directly applied without pre/treatment (Fig. 2).
Although fresh BA is biologically inert, it can signicantly
inuence a range of biota such as ground vegetation, including
mosses and lichens,127 native and cultivated forest plants,120,128

grasses, herbs, forest fruits and fungi,128–130 food crops131,132, soil
microbiomes120,133 mesofauna,134,135 and even microbes in
wastewater treatment plants.51

The application rates and forms of BA are crucial for
directing its implications (Fig. 3). For example, large quantities
of BA applied to soil can increase the prevalence of fast-growing
saprotrophic fungal species from the genera Mortierella and
Peziza, and the order Hypocreales.123,136 However, when applied
BA in rates >5 t ha−1 in its non-stabilized form, negative envi-
ronmental implications are likely.131 It is recommended that
the maximum application rates of BA should not exceed 10% by
weight, as above this threshold, positive environmental impli-
cations become unlikely due to: (i) negative impacts on tested
species, including reduced germination, growth and yield,
diminished carbohydrate content, and symptoms of chlorosis
or necrosis109,137,138 (ii) potential ionic phytotoxicity,138,139 (iii)
induced salt/alkali stress, (iv) induced oxidative stress,140 (v)
possible carcinogenic, mutagenic, and cytotoxic effects due to
the presence of PAHs and/or PCBs131,141–143 (vi) induced met-
al(oid)s stress144 and (vii) elevated risk of metal transfer to
food.109

A great obstacle in wider application of some BBR-derived
matrices represents the content of PAHs and PCBs (Fig. 3).
PAHs are produced through inefficient combustion of hydro-
carbons and being recognized as mutagens and carcinogens
which can accumulate in plants,145 and could be in elevated
concentrations in BS,146 BC147 and BA.109,135,141,148 For instance,
adding 8 t ha−1 of wood-derived BA can increase PAHs
concentration in the forest surface Oa soil horizon by up to 6-
fold, while retaining PCBs concentration stable in the same
layer, but decreasing PCBs level by about 30% in the sub-surface
Oi/Oe layer.143 This reduction may be attributed to preferential
uxes and the alkaline mobilization of dissolved organic
matter, which can act as carriers for PCBs.143

Recent studies indicate that while (i) bottom BA can enhance
vegetative growth of radish (Raphanus sativus L.), it is also able
to increase the risk of the cadmium soil-to-plant transfer,109

whereas (ii) y BA can can also improve vegetative growth of
maize (Zea mays L.) at #1.25% w/w rate, but trigger alkaline
stress at rates >5% w/w.49,94 Moreover, y ash has been observed
to suppress earthworm cocoon production, affect epigeic
earthworm populations, and generally impact other soil biota
crucial for ecosystem services such as litter processing, soil
organic matter decomposition, and nutrient cycling.134,140

Nevertheless, even at relatively low rates (e.g., 233 kg ha−1), the
benets of BA application persist for longer in metal-
23474 | RSC Adv., 2024, 14, 23466–23482
contaminated soils, enduring up to 14 years, exhibiting
improved soil ecosystem functionality, increased abundance,
richness, and diversity of Diptera, as well as enhanced microbial
enzyme, respiratory, and fungal activity.135
6. Bio-based resources (BBR) &
implications to physicochemical
pedovariables

Studies have shown that bottom ash, with its elevated silicon
content, can enhance the physical andmechanical properties of
heavy clay soils. For instance,149 observed that incorporating 5%
v/v y ash into clay soils increased their hydraulic conductivity;
however, adding 20% v/v in calcareous soils and 10% v/v in
acidic soils led to a signicant deterioration in pedovariables.
Additionally,150 reported that adding 15% w/w y ash to clay soil
signicantly decreased the bulk density and improved soil
structure, enhancing porosity, workability, root penetration,
and water retention. Furthermore, the application of S–Ca and
Si–Al y ash was found to be effective in reducing soil bulk
density even aer 14 years, according to Leclercq-Dransart
et al.140 In highly expansive and plastic so soils (e.g., those
sensitive to moisture uctuations and prone to volumetric
changes like cracking and shrinkage), the use of various types of
ash has resulted in soil stabilization and improved consistency.
The plasticity index decreased along with soil dry density,
making the soil coarser compared to its original state. These
benets are attributed to the lower density of rice husk-derived
BA, reduced compressibility, increased consolidation rate and
volume stability, and the pozzolanic reactivity and interactions
with soil particles.151–153

BBR and their derivates represent excellent precursors for
development of combined organo-mineral fertilisers (Fig. 1)
which can increase soil productivity. For instance, combining
BC with urea signicantly enhances production and effectively
reducing nitrogen input,154 whereas incorporating BC compos-
ites with organo-mineral substances can additionally enhance
the benets of fertilizers59,66 developed fertilizer aggregates by
blending wood and peat-derived BA from with specic propor-
tions of BS and lime. This mixture signicantly increased the
nitrogen content by >22-fold (from 120 to 2690 mg N kg−1).
Additionally, by varying the ratios of lime, sewage sludge, and
y ash, the same study succeeded in developing a new co-
granulated fertilizer that varied in macro and micro nutrient
levels. Furthermore,155 demonstrated that the quality of various
BAs could be enhanced through co-incineration with BS. This
process transformed relatively unavailable phosphorus (AlPO4)
into more accessible mineral forms such as Ca2P2O7, Ca5(-
PO4)3Cl, Ca4Mg5(PO4)6, and Ca3(PO4)2, which are highly bene-
cial for use in fertilizers or as soil amendments. Additionally,
BC can obtain positive impacts on pedovariables, enhancing
water holding capacity, permeability and fertility66 ultimately
increasing crop yields.156 It was shown that BC can enhance the
availability macro/micro nutrients (e.g., phosphorus, nitrogen,
copper),73 while also reducing phosphorus xation, nitrogen
leaching and N2O emissions.73,157
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Schematic representation of the most relevant biogeochemical
reactions and immobilisationmechanisms of metal(oid)s under varying
pH range in the presence of biochar (A) and bioash (B) matrix.
Reproduced (adapted) with permission from ref. 28. Copyright© 2024,
ref. 49 Copyright© 2021, Springer, and ref. 162 Copyright© 2021,
Elsevier.
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7. Bio-based resources (BBR) &
implications to metals remediation

BBR rich in Si-containing minerals play a key role in the initi-
ation of soil biogeochemistry.158 The adsorption function of
SiO2 and Si/C ratio have been conrmed in many studies as the
most important chemical parameter for predicting the adsorp-
tion capacity of some BBR,50,159 where enrichment with Si
implicates a higher adsorption capacity and shorter equilib-
rium time. It was found that the soil type and the origin of some
BBR is a very inuential factor for the Si content in BA. For
example, the Si content in Indian rice husk BA can be several
folds higher than that in Malaysian BA.159,160 In addition, the
highest SiO2 content was found in rice husk ash (82%), followed
by wheat ash (59%) and corn ash (41%).159 Another important
and abundant constituent of BA is crystalline aluminosilicates
such as zeolites, build from primary tetrahedral Si(IV)O4, Al(III)
O4 or P(V)O4 units, forming the nanostructured network with
excellent intra-porosity and capillarity161 that serves as physi-
cochemical sieves (Fig. 8). Such nano-porous structure of
zeolites makes them efficient ion-exchangers for ad/desorption
and separation of cations and/or (non)polar particles from
aqueous media,163 i.e. decreasing bioavailable metallic pools in
the soil solution phase (more in the text below) or adsorbing
some agrochemicals (more in Section 8).

The study conducted by Dijkstra et al.,164 conrmed that the
concentrations of metals such as Zn, Cu, Ni, Pb and Cd are
signicantly lower aer leaching in contaminated soils
compared to the total concentrations and follow pH-sensitive
“u”-shaped leaching curves with pronounced differences in
the concentrations of the leached metals (Fig. 8). Furthermore,
similar modelling studies revealed that the presence of free and
highly mobile metal species such as Zn2+ and Cd2+ was low in
alkaline rhizosphere soils, while the concentrations of less
bioavailable species (such as carbonate, chloride and organic
complexes) or less accessible mineral forms were elevated (e.g.
malachite for Cu, hydrozincite/smithsonite for Zn, ottavite for
Cd).65 With regard to the dissolution and adsorption processes
of metals in soil and their pH dependence,87,165 have shown that
the release of cationic metal forms increases with lower pH
values, while the release of anions increases with higher pH
values or remains independent of pH for some salts (Fig. 8).

The addition of alkaline BAmatrices enriched with Ca/K/Mn/
Fe/Al/Si (hydro)oxides and/or carbonates to an acidic soil or
water environment poor in nutrients and organic matter can
signicantly affect the mobility of metals and their transfer to
biota.104 For example, in metal-contaminated soils to which 5%
w/w of mixed y ash (wood and coal) was applied, the leaching
of Pb and Cu decreased by more than 87% and 91%, respec-
tively, increasing the number of chemosorption sites and
changes in soil pHH2O from 4.1 to 6.8.166 This also reduced the
uptake of both metals by plants and bacteria, which reduced
their toxicity.166 In addition, studies have shown that the
combined use of peat-derived BA and coal y was more efficient
in chemisorption of Cu and Pb than their separate use. Simi-
larly, bottom ash exhibited also high efficiency in removing
© 2024 The Author(s). Published by the Royal Society of Chemistry
various metals from aqueous solutions (Fe > Cu > Zn > Mn),
likely due to rise in liquid pH (from 4.2 to 8.0), which altered the
biogeochemistry of metals toward physical adsorption and/or
chemical deposition at the ash interfaces167 (Fig. 8).

It was conrmed that remediation and amelioration capacity
of BA materials depend on their specic type properties. For
instance, adsorption mechanisms between wood-derived
bottom BA and y BA differ signicantly, and these can be
effectively predicted by Langmuir and pseudo-second-order
kinetic model.168 Accordingly, y BA demonstrated a metal
adsorption potential by over 4-fold higher than that of bottom
BA, what can be explained by higher ability for complexation
and precipitation with Si-/OH-based compounds over a broader
pH spectrum (2–6). On the other hand, bottom BA exhibit more
efficient adsorption in a slightly acidic pH range (5–6), out-
performing surface complexation mechanisms (such as those
involving aromatic C]C radicals in BC or activated carbon) and
crystallisation of carbonate and phosphate anions.169–172 Such
alterations can impact the mobility of metals and their soil-to-
crop transfer. For instance,109 applying BA or dolomite to
acidic metal-uncontaminated Cambisol recorded enhanced Cd
phyto-accumulation (despite no alteration in the total soil Cd
concentration in soil), with signicant rise of soil pH in both
treatments. Additionally,173 reported that the addition of 1% w/
w y ash (or dolomite) to Cd/Pb contaminated soils increased
mobile and potentially mobile Cd in soil, resulting in almost
RSC Adv., 2024, 14, 23466–23482 | 23475
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50% higher Cd phyto-accumulation. However, these results
contradict numerous reports suggesting that the addition of ash
or Ca/Mg carbonate matrices can immobilise Cd in uncon-
taminated soils,168,174–177 and with pH-dependent metal biogeo-
chemistry (Fig. 4). Therefore, other mechanisms of metal
mobility such as reactivation or CEC supersaturation should be
considered before using BA materials in soil chemical
ameliorations.
8. Bio-based resources (BBR) &
implications to pesticides
transformation

The adsorption mechanisms explained for metals (Fig. 8) are
applicable to many other (in)organic chemicals. Several groups
of adsorbents have been investigated extensively so far
regarding the removal of pesticides from the (agro)environ-
ments: synthetic materials (modied bentonites, zeolites, Si
and metal oxides;178 activated C (granular, mesoporous C
replicas, modied C lter, charcoal;179 industrial wastes (C
slurry, blast furnace slag, dust and sludge from petrochemical
industry;180 BA118,181,182 and BC types.115,178,181,183

The adsorption capacity of BA and BC matrix varies greatly
due to signicant differences in their surface properties,
including porosity and surface functionality, specic surface
area and particle size, which affect the overall surface
charge.184,185 Although synthetic/commercial adsorbents can
achieve large specic surface areas of up to 1570 m2 g−1, the
high cost of production limits their wider use.178 In contrast,
BBR-transformed BA typically has smaller specic surface areas,
usually below 50m2 g−1;186 however, BA is an effective matrix for
sorption and can be further optimized to improve the retention
of chemicals in soil (Fig. 8). Despite the general assumption that
small particles have a larger specic surface area than large
particles,181 study performed by Deokar et al.187 conrmed that
baggase-derived BA with larger particles can achieve a higher
total surface area (51 m2 g−1), resulting in a higher adsorption
capacity for the herbicide 2,4-D, with a removal efficiency of
about 90%. However, rice husk-derived BA with a smaller
specic surface area (33 m2 g−1) achieves also high removal of
the same herbicide of about 80%. Both BA types have
a predominantly mesoporous structure, but with differences in
pore geometry. Namely, larger BA particles have been shown to
have deeper cylindrical pores with a larger pore volume and
internal surface area, allowing them to trap a greater amount of
pesticide compared to smaller particles with shallower pores
(Fig. 8). In addition, the diffusion of pesticides through inter-
and intra-brillar (from micro-to nano-sized) capillaries and
spaces on the surface of BA and BC, similar to some properties
of zeolites, serves as an important adsorption mechanism in
porous nanocrystalline aluminosilicate matrices (Fig. 8).

Post-production treatments can signicantly enhance the
porosity of BA and BC through various methods, including
chemical methods involving impregnation with activators,
physical methods like crushing or grinding.115,183 Functional
nanoparticles, such as graphene and its oxides, chitosan,
23476 | RSC Adv., 2024, 14, 23466–23482
carbon nanotubes, layered double hydroxides, when coated
onto BC matrix, produce composite nanomaterials that can
effectively remove various pollutants.66 Additionally, treating y
BA with NaOH can increase its specic surface area to more
than 40 m2 g−1.188 Owing to its meso/microporous structure and
high Si–Al content, BA matrix serves as an excellent base for
producing micro structured zeolites, recognized as effective
adsorbents for ionizing pesticides and other hazardous
substances.189 Moreover, the adsorption characteristics of BA
matrices can be enhanced by microwave irradiation or acid
oxidation, which increase pore volume and the specic surface
area.190

The improvement of the adsorption of ionising and polar
pesticides can be achieved by the chemical modication of the
BA surface with certain reactive oxygen-containing radicals, and
by changing the surface charge and pH of the surrounding
media. These may include charge-assisted hydrogen bonding,
hydrophobic bonding, ion exchange, charge transfer metal
complexation, inner sphere complexation, p-interactions and
precipitation.49 For instance,115 showed that surface oxidation of
BC matrix with 3% H2O2 increased its surface area nearly by 5-
fold (from 47 to 140 m2 g−1) and depleted the surface pH from
7.9 to 4.8, increasing adsorption of the ionising herbicide
cyhalofop from 13.9 to 48.3 mg kg−1. However, the surface
activation of BC had no effect on the adsorption of the polar and
non-ionising herbicide clomazone.

Numerous studies have shown that the Si–C–C ratio is essen-
tial for determining the adsorption capacity of BA for pesticides;
a lower ratio typically results in greater adsorption capacity and
longer equilibrium times.182,187 Adsorbents rich in silica, such as
wheat and corn BA or rice husks, typically exhibit a negative
surface charge in aqueous solutions at pH values above 2.2, the
point of zero charge (pHpzc), enhancing their ability to bind
cations. The effectiveness of pesticide adsorption is inuenced by
factors such as the amount of used BA, ambient temperature, and
contact time with the active substance of the pesticide.159,191

Additionally, an increase in the ionic strength of the solution and
a higher concentration of pesticides can decrease pesticide
removal due to competitive interactions at the BA interface.

The adsorption equilibrium time in porous matrices such as
BA is mainly related to the surface area and molecular diffusion
into the pores, with large pores (compared to small diameter
pores) exhibiting faster adsorption kinetics159 (Fig. 8). The
adsorption kinetics of BA are usually best tted to a rst–order
equation and, in the case of chemisorption, to a pseudo-second-
order equation.191,192 Due to faster adsorption compared to most
synthetic and commercial adsorbents, BA matrices can be used
for rapid remediation of pesticide-contaminated water.178 For
example, adsorption of the herbicide 2,4-D by granular activated
C reached equilibrium aer 96 hours, while for rice husk, wheat
straw and bagasse BA, equilibrium was reached in 15, 120 and
240 minutes, respectively.159,191,192

Mass balance estimates from adsorption–desorption exper-
iments with triazine, carbamate and anilide classes of herbi-
cides showed that herbicide adsorption increased with
increasing y ash content in the mixture and reached complete
adsorption in samples with “pure” (100%) y ash.193 The
© 2024 The Author(s). Published by the Royal Society of Chemistry
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desorption of acetone herbicides indicates that the retention on
y ash is mainly due to weak physical interactions such as
London dispersion forces.194 pointed out that the rapid alkaline
degradation of the non-ionising insecticide chlorpyrifos could
nd application in water/wastewater treatment, as its half-life
decreases from 150 hours to 27 hours when the pH increases
from 7 to 11. Most pesticide molecules are stable in aqueous
suspensions within the pH range of 4 to 9, but become unstable
under alkaline conditions due to rapid hydrolysis. Recently, it
was conrmed that hardwood y BA strongly impacts the
dissipation dynamics and adsorption mechanism of widely
used herbicide terbuthylazine. For instance, within 48 hours of
adding BA at a concentration of 1% w/v to the watercourse
matrix, terbuthylazine was completely eliminated from its
initial concentration (250-fold higher than the EU limit for
drinking water), whereas in the treatment without BA, approx-
imately 80% of the initial TBA level persisted in the tested
watercourse.49 In the same study adsorption kinetics were
clearly described by the pseudo-second order, assuming single-
layer chemisorption as a rate-controlling mechanism, but
multilayer physical sorption and intra-pore diffusion should not
be disregarded (Fig. 8).

9. Conclusions

Among the diverse array of physical and thermochemical
transformations (drying, composting, pyrolysis, incineration) of
agricultural and forest residues, as well as municipal and
industrial waste streams (BBR), biosolids (BS), biochars (BC)
and bioashes (BA) have been intensively studied recently due to
their intricate organo-mineral matrix, diverse structures, and
signicant potential for a wide range of applications in (agro)
ecosystems. These matrices are able to induce rapid, strong,
and long-lasting effects on various (i) chemical (pH regulation,
nutrient content, and organic matter levels), (ii) physical
(porosity, bulk density, and water–air dynamics) and microbial
(diversity, activity) parameters in soil and waters. In addition,
they contribute to numerous environmental services, including
the remediation of contaminated sites and wastewater treat-
ment that align with circular economy principles and contem-
porary waste management strategies/regulations, supporting
efforts to mitigate climate change. However, the widespread
adoption and scaling up of some of BBR derivatives still
encounter certain limitations, including technological
constraints in processing and application, concerns regarding
(in)organic contamination, toxicity issues as well as non-
uniform regulations from inter-national to global levels. By
multidisciplinary approach it is possibly to fully unlock the
potential of some transformative solutions offered by BBR.
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88 S. Voshell, M. Mäkelä and O. Dahl, Renew. Sustainable
Energy Rev., 2018, 96, 479–486.

89 G. Tao, P. Geladi, T. A. Lestander, S. Xiong, P. Geladi and
S. Xiong, Renew. Sustainable Energy Rev., 2012, 16, 3481–
3506.

90 IEA, Resources: Renewables 2019-Global Status Report (REN 21),
IEA, Paris, 2019, https://www.iea.org/reports/renewables-
2019/power.

91 Bioenergy Europe, Statistical Report 2019, Bioenergy
Europe, Brussels, 2019.

92 A. K. Singh, R. E. Masto, B. Hazra, J. Esterle and P. K. Singh,
Ash from Coal and Biomass Combustion, 2020, pp. 91–114.

93 M. Zagvozda, S. Dimter, T. Rukavina and I. N. Grubeša,
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J. Macan and Z. Rengel, Sci. Total Environ., 2021, 753,
141902.

110 M. Jalal, A. Pouladkhan, O. F. Harandi and D. Jafari, Constr.
Build. Mater., 2015, 94, 90–104.

111 A. Maresca, J. Hyks and T. F. Astrup, Waste Manage., 2017,
70, 127–138.

112 N. L. Kindtler, F. Ekelund, R. Rønn, R. Kjøller,
M. Hovmand, M. Vestergård, S. Christensen and
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