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Abstract

Purpose Humic substances (HSs) and biochar (BC) are carbon-based soil amendments. These amendments improve soil
health and fertility, enhance nutrient pools and carbon content, remove soil pollutants, and enhance plant performance. As a
result, they contribute to agro-environmental sustainability and the development of a circular bioeconomy. However, there
is a lack of research on the effects of HSs-aged BC or the co-application of BC and HSs on the agro-environmental system.
Therefore, further studies are needed to understand the impacts of these amendments on the agro-environmental system.
Methods This study utilizes a novel technique based on BC aging with HSs to investigate the BC-aging process, factors influ-
encing it, as well as the impact of BC and HSs on soil physicochemical properties, nutrient pools, microbial communities,
immobilization of metal ions in the soil, and plant performance. We gathered original research articles, meta-analysis papers,
book chapters, conference proceedings, and technical notes from high-quality peer-reviewed journals and reputable websites.
Results and discussion The extensive literature evaluation revealed that the potential benefits of BC are closely related to
variations in the physicochemical composition of the BC and soil because microorganisms do not prefer fresh BC for colo-
nization. In some studies, BC showed a detrimental impact on the soil microbiome. Therefore, the influence of BC on the
soil microbiome, nutrient pool, pollutant removal, and plant growth strongly depends on the residence time of BC in the
soil and its prior aging with HSs. Aging BC with HSs is more effective than using fresh BC as it enhances nutrient pools,
accessibility to plants, pollutant amelioration capacity, microbial activities, and consequently, plant performance due to the
presence of surface functional groups and the adsorbed nutrient-rich organic molecules.

Conclusions The soil fertility traits and plant performance were impacted by aging or a combination of BC with HSs.
However, detailed characterizations and continuous experiments are required to gain in-depth insights into the interaction
mechanisms between the aging of BC with HSs via the liquid soaking technique and soil fertility traits.

Keywords Carbon-based materials - Biochar - Humic substances - Nutrient availability - Soil microbial activities - Soil
pollution remediation - Agro-environmental sustainability

1 Introduction

The long-term sustainability of agriculture and the environ-
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waste products into carbon-rich organic soil amendments, we
can promote zero-waste practices, enhance agricultural and
environmental sustainability, and foster the development of
a circular bioeconomy (Ghodake et al. 2021).

Biochar (BC) is a solid carbon-rich material produced
from various feedstocks through a pyrolysis temperature
ranging from 250 to 800 °C and a limited oxygen supply
(Verheijen et al. 2010). The multifunctional properties of
BC, including its high specific surface area, surface activity,
porous structure, oxygen-containing functional groups, and
ion exchange capacity, make it a crucial organic soil amend-
ment for research in agriculture and environmental science
(Liu et al. 2020; Wang and Wang 2019).

BC application in soil has several advantages, including
improved soil nutrient retention, enhanced soil structure,
increased microbial activities, improved water holding capac-
ity, decreased soil acidity, removal of contaminants, and crea-
tion of more favorable growing conditions (Biederman and
Harpole 2013; Giagnoni and Renella 2022; Maienza et al.
2017; Nguyen et al. 2018; Rahim et al. 2022). However, due
to the intricate interactions between BC, soils, and crops,
substantial research on BC as a soil amendment has produced
contradictory results (Lychuk et al. 2015).

Two fundamental hypotheses serve as a framework for
investigating how BC affects soil health. The first idea pre-
sumes that BC could have an immediate or short-term effect
on soil characteristics, such as improved nutrient accessibil-
ity in soil, microbial activity, higher organic carbon content,
improved overall porosity and water-holding capacity, and
reduced soil bulk density (Jinsheng et al. 2022; Lee et al.
2022). However, a 30-month field experiment predicted that
BC with a diameter between 30 and 0.2 um would increase
the amount of water in the soil available to plants. They did
not connect any of the observed soil changes to the porous
interior of the BC. In this case, elevated earthworm activ-
ity was responsible for the improvements in near-saturated
hydraulic conductivity and soil water content at 0.1 kPa
(Hardie et al. 2014). It leads to the second hypothesis,
which suggests that BC can have an indirect or aging effect
on soil quality parameters. Incorporating BC into the soil
changes its characteristics, such as specific surface area
(SSA), surface morphology, acidity, elemental composition,
ion exchange capacity, and aromaticity (Wang et al. 2020).
These modifications can occur due to various natural forces,
including temperature variations causing freeze-thaw cycles
(Fu et al. 2019), rainfall events causing wetting and dry-
ing cycles (Meng et al. 2020), sunlight irradiation causing
photochemical degradation (Quan et al. 2020a), and mild
oxidation resulting from atmospheric oxygen, root exudates,
or microorganisms (Hua et al. 2020; Liu et al. 2017). Over
time, these changes in BC characteristics may enhance soil
aggregate stability, improve soil structure and water-holding
capacity, alter other soil physicochemical properties, and
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potentially create more suitable habitats for microorganisms,
ultimately contributing to sustainable crop production (Van
Zwieten et al. 2010).

The natural aging processes of BC in soil environments are
slow and do not rapidly alter soil properties. Consequently,
artificial aging methods involving physical (freeze-thaw,
wetting-drying), chemical (chemical oxidation, organic acid
modification), and biological (co-composting) approaches
have been employed (Spokas 2010).

Studies have demonstrated the beneficial effects of
using BC as a soil amendment with other organic sub-
stances on soil health (Hannet et al. 2021; Rahman et al.
2020). Among these co-amendments, natural organic mat-
ter (NOM), which aids in heat and water retention, prevents
drainage and erosion, immobilizes contaminants, and pro-
motes seed germination and root growth, can be valuable
(Fernandes et al. 2007; Sierra et al. 2004). Approximately
80% of NOM comprises humic substances (HSs), such as
humic acid, fulvic acid, and humin (Pettit 2004; Schnitzer
and Khan 1975). These substances are formed sponta-
neously in the soil through the complex biogeochemical
processes involving the breakdown and transformation of
NOM by soil microbes (Li et al. 2019). The unique molecu-
lar composition of HSs, which includes diverse organic
macro/micro-molecules and functional groups, contributes
to their potential as soil biostimulants (Sutton and Sposito
2005). In soils amended with biochar, the enrichment
of NOM appears to be influenced by HSs derived from
BC. However, these BC-derived HSs differ from those
naturally present in the soil as they exhibit more surface
COOH groups and have a higher cation exchange capacity,
potentially altering the characteristics of the BC surface
(Jin et al. 2018). The HSs obtained from BC increase the
aromaticity of low-temperature BC; however, their interac-
tion with high-temperature BC can result in pore-blocking
effects as the HSs extend into the pore spaces, artificially
reducing the BC surface area (Pignatello et al. 2006).

Aligned with the Sustainable Development Goals of the
2030 Agenda, the aging or combination of BC with HSs can
contribute to achieving a zero-waste society, agro-environmen-
tal sustainability, food security, a circular bio-economy, and
human well-being. BC and HSs transform the exchangeable
fraction of contaminants into the nonexchangeable fraction
due to their large surface area and the abundance of organic
functional groups (Zhou et al. 2018). However, HSs, such as
humic acid, significantly influence the sorption of organic and
inorganic pollutants by biochar (Park et al. 2017). While a few
studies have documented the advantages of co-amending BC
and HSs, their benefits in agriculture have not been thoroughly
investigated.

This study is divided into two main sections, following
the preceding literature discussion. The first section shed
light on the natural and artificial aging of BC and its effects
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on the soil. The second section focuses on the HSs-aged BC
and its consequences for soil physicochemical properties,
nutrient availability, and water holding capacity, microbial
communities, and removal of hazardous substances. We pre-
sent a novel approach to liquid aging of BC with HSs (HSs-
aged BC). Additionally, due to the limited research on the
liquid aging of BC with HSs, we investigate the combined
effects of BC and HSs on soil physicochemical properties,
nutrient cycling, water retention, microbial communities,
and the removal of hazardous substances. The complete
summary of this review article is illustrated in Fig. 1.

2 A brief overview of biochar (BC) aging
process and factors

The apparent ability of BC to immobilize soil contami-
nants, store carbon in the soil environment, and boost
soil fertility has garnered significant interest. However,
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it is crucial to consider how these processes work over
time in the soil system. Several environmental condi-
tions can influence BC’s physicochemical characteris-
tics to vary when applied to soil. These factors include
freeze-thaw cycles resulting from temperature changes,
wetting-drying due to precipitation events, photochemi-
cal degradation caused by sunlight exposure, and mild
oxidation induced by microbial activity and root exudates.
These processes may cause BC to fragment, dissolve, or
oxidize, significantly changing its characteristics. Exten-
sive field testing is necessary to monitor the temporal
changes in soils supplemented with biochar. Various arti-
ficial aging techniques, such as physical, chemical, and
biological aging techniques, have been created to mimic
natural aging processes (Fig. 2). This makes it possible
for researchers to investigate the changes that BC experi-
ences over time. The aging processes of BC, both natural
and artificial, are briefly covered below.
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Fig.1 A complete summary of the review article, indicating that BC aging/combining with HSs ensures zero-waste society, agro-environmental
sustainability, food security, circular bio-economy, and human-wellbeing that are pertaining to 2030 agenda of SDGs
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2.1 Natural aging of BC in the soil environment

In recent years, research has concentrated on three main
elements that affect BC’s aging process. These elements
consist of (1) the effect of soil processes on BC aging; (2)
the effect of temperature fluctuations, especially freeze-
thaw cycles; and (3) the function of soil microorganisms
in BC aging. Understanding these processes has advanced
significantly, yielding important insights into soil type,
classification, temperature effects, microbial involvement,
and the fundamental mechanisms of BC aging in soil.
Table 1 presents a systematic overview of the subject and
the current breakthroughs and improvements. Here is a
quick history of these procedures.

2.1.1 Soil-influenced aging of BC

The soil-influenced aging of BC happens gradually and
usually proceeds steadily, stabilizing after a considerable
amount of time. This process can be due to the gradual
release of BCs more easily degradable elements, which leads
to a majority of aromatic carbon that oxidizes or degrades

Natural aging

Freeze-thaw cycles induced by
variations in temperature

Wetting-drying cycles
induced by rainfall events

Photochemical
degradation induced by
sunlight irradiation

Mild oxidation caused by
atmospheric oxygen , root
exudates or soil microorganisms

Fig.2 Biochar-aging techniques (natural and artificial) and mechanisms
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Microorganisms and plants
imduced biochar aging

more slowly (Hale et al. 2011; Liu et al. 2013; Mukherjee
et al. 2014). In addition, harmonious reactions between BC
and soil may affect BC’s surface chemical composition by
microbe sorption and soil organic matter, resulting in an
enhanced negative charge on the BC surface from a variety
of functional groups, including carboxylic acid and others
(Mukherjee et al. 2014). The physical barrier of soil inter-
acting with mineral surfaces may also contribute to a slow
aging process (Paetsch et al. 2018).

A study analyzing fresh and aged BC subjected to
soil aging using SEM-EDS, XRD, and FTIR techniques
observed that soil minerals deposited on the surface of
BC during the aging process in the field. It resulted in the
formation of organo-mineral complexes and the obstruc-
tion of cracks and channels within the BC. The hardness
and compressive strength indicated a substantial increase
in these properties for the aged BC compared to the fresh
BC, which correlates with the soil minerals (Wang et al.
2021). Another research study revealed significant altera-
tions in the physicochemical characteristics of BC during
its aging process in the field. These modifications have
an impact on the BC’s ability to absorb heavy metals
(Xie et al. 2022).

Artificial aging Mechanisms
Physical aging (Freeze-thaw and : :
weldie Gchud) Dissolution
Chemical aging (Chemical Fragmentation

oxidation, organic acid-
induced aging, and photo
catalytic oxidation)

Interaction with soil

minerals
Biological aging (Co-
composting and anaerobic
eementatin) Biological degradation

Abiotic oxidation
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In a recent study, BC modified with red mud and iron
salt was synthesized and subjected to a 1-month soil
aging process. After aging, the modified BC exhibited
an increase in specific surface area and enhanced strength
of oxygen-containing functional groups, accompanied by
a decrease in Fe( content. Additionally, the impurities in
the raw material mixed with BC potentially improved its
resistance to aging and protected FeO from oxidation. Fol-
lowing aging, both Fe/BC and RM/BC showed a decrease
in their adsorption capacity for Cd(II) by approximately
20.76% and 18.03%, respectively (Wang et al. 2023).
More detailed information on key parameters related to
soil aging of BC is summarized in Table 1.

2.1.2 Temperature-influenced aging of BC

Environmental factors in the soil, such as moisture content,
temperature, pH, aeration, and natural organic matter con-
tent, influence the surface chemistry of BC. For instance,
high soil moisture and temperature conditions facilitate
rapid biotic and abiotic aging of BC in soil (Fuertes et al.
2010). Temperature and moisture are among the crucial
factors that influence the process of BC aging (Cheng and
Lehmann 2009). Even while chemisorption between the
surface of biochar and oxygen is endothermic, increasing
the temperature above 70 °C has been shown to accelerate
the aging process of BC (Cheng and Lehmann 2009; Cheng
et al. 2006). Under natural conditions (Quan et al. 2020a)
or particularly at very low temperatures like — 22 °C (Fan
et al. 2018), the aging of BC continues to occur but at
a comparatively slower rate. Studies have shown that the
aging process of BC can take place in any terrestrial sys-
tem, as a significant positive correlation between mean
annual temperature and oxidation of aged BC was observed
after 130 years of observation (Igalavithana et al. 2017;
Kim et al. 2019). In a recent study, frequent freeze-thaw
cycles in a laboratory experiment using simulated loam soil
columns containing 0%, 1%, and 2% biochar resulted in a
19.69% increase in oxygen content and a 17.75% increase
in nitrogen content while decreasing the carbon content.
Biochar has the potential to enhance the soil-water environ-
ment, adsorb accessible nutrients, and reduce N,O emis-
sions by 35.89 to 46.31% when applied at a rate of 12.39%
(Yang et al. 2023).

2.1.3 Microbe-influenced aging of BC

BC application as an amendment to soil alters its pore
structure and enhances its water-holding capacity, increas-
ing the conditions for microorganisms to survive. The pores
of BC might provide favorable environments for microbes

to flourish. However, the mineralization process started by
microbes is slow and could take several years because of
BC’s resistant carbon (Singh et al. 2012). Microorganisms
play a crucial role in the aging of BC. There has been a ris-
ing emphasis on the occurrence of ecologically persistent
free radicals (EPFRs) in biochars. These EPFRs can produce
reactive oxygen species, which aid in the remediation of pol-
lutants. It is worth mentioning, however, that the presence
of EPFRs might also cause oxidative stress in the micro-
organisms in the surrounding environment (Masiello et al.
2013; Ruan et al. 2019). For example, laboratory incubations
of BC without microbial inoculation resulted in a 50-90%
lower loss of carbon (C) compared with microbial activity
(Zimmerman 2010).

In a long-term incubation study, analysis of carbon release
revealed that nearly half of the aging observed in biochar
was due to microbial aging mechanisms (Hale et al. 2011).
Another study reported that biologically aged BC showed a
decline in carbon content and stability compared to abiotic
aging, especially when exposed to water-holding capacity.
Additionally, the release of dissolved organic matter (DOM)
from abiotically aged BC showed a linear increase over time,
whereas, in biologically aged BC, the release of DOM fol-
lowed a logarithmic pattern. These findings strongly suggest
the crucial role of microbial activities in solubilizing BC
(Quan et al. 2020Db).

In a recent study by Qu and coworkers, the research-
ers investigated the impact of different aging methods BC
derived from Auricularia auricular and its effects on soil
properties and cadmium (Cd) passivation in chernozem soil
with a pH value of 5.93. The three aging methods employed
were freeze-thaw cycling aging (FB), acidified aging (AB),
and microbial aging (MB). The Cd-contaminated soil
(which initially contained 3 mg kg™! of Cd) was amended
with the three types of aged BC at a ratio of 4% (w:w) over
a 56-day incubation period. The results showed that the
application of FB and MB in the soil led to an increase in
soil pH (0.82—1.04, 0.27-9.36), cation exchange capacity
(1.06-2.53 cmol kg~!, 1.66-2.59 cmol kg™!), and organic
matter content (2.28-4.67 g kg~!, 3.70-5.48 g kg™!).
Among the aging methods, FB exhibited the best perfor-
mance in stabilizing Cd concentrations (17.06-23.65%). On
the other hand, AB resulted in a decrease in soil pH and
CEC by 0.82-1.04 and 1.32-2.40 cmol kg™, respectively,
and activated Cd by 11.6-19.24% (Qu et al. 2022).

From the above discussion, it is concluded that BC aging
through natural processes is slow and complex. It is impos-
sible to fully comprehend how the physicochemical charac-
teristics of BC change during its prolonged aging process.
As aresult, numerous artificial aging simulation techniques
have been used to mimic the natural changes in BC char-
acteristics. Here is a comprehensive discussion of several
artificial aging techniques.

@ Springer
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2.2 Artificial/chemical aging of BC

As discussed earlier, the process of BC aging is relatively slow
due to the inert nature of BC. Consequently, the changes in BC
composition are so small that they are difficult to detect within
a practical experimental period (Kuzyakov et al. 2014). Arti-
ficial aging methods are used to simulate the natural aging of
BC (Fristak et al. 2015; Jin et al. 2017). These methods include
chemical oxidation with hydrogen peroxide (H,0O,) (Huff and
Lee 2016), treatment with HNO; (Wang et al. 2019), treatment
with H,SO,/HNO; (Xia et al. 2023), K,Cr,O; (Chen et al. 2016)
H,0,/K,Cr,0, (Han et al. 2018), H;PO, (Chu et al. 2018), and
others. Laboratory-simulated aging with these reagents can
cause morphological changes in BC, replicating natural aging
processes (Cross and Sohi 2013; Lawrinenko et al. 2016).

A study by Li et al. revealed that the oxidation/aging of
BC with H,0, promoted higher microbial abundance and
resulted in different microflora with an increased pres-
ence of gram-positive bacteria, significantly altering the
gram-positive/gram-negative bacteria ratios. Furthermore,
H,0,-aged BC exhibited increased oxygen-containing
functional groups and surface area, leading to enhanced
adsorption of Cd (Li et al. 2020). In another study, rice
straw-derived BC was oxidized or aged with H,SO,/HNO;,
which introduced carboxylic functional groups to the BC
surface. These groups acted as additional binding sites for
heavy metals in contaminated farm soils and mitigated meth-
ane emissions from paddy soils (Nan et al. 2021; Qian et al.
2015). Similarly, coffee ground-derived BC aged with 15%
H,O, exhibited increased porous volume, specific surface
area, and decreased pHpzc. Aged BC demonstrated stronger
selective adsorption for Cd and zinc due to the dominant
roles of ion exchange and complexation (Ke et al. 2022).
In another study, Auricularia auricular spent substrate BC
was oxidized with a 20% 4H,SO,/1HNO; solution for 6 h,
resulting in decreased soil pH and CEC by 0.82—-1.04 and
1.32-2.40 cmol kg™!, respectively. Additionally, aged BC
activated Cd by 11.6-19.24% (Qu et al. 2022). It has been
reported that treating BC with H;PO, dramatically improves
its specific surface area and micropores through acid cataly-
sis and crosslinking (Chu et al. 2018).

Although numerous studies have been conducted to sys-
tematically review either natural or artificial aging methods
individually or as a whole, no single study critically evalu-
ates and discusses the effects of humic substances (HSs)
accelerated aging treatments on the performance of BC. In
this regard, we aim to fill this gap in the following sections.

3 Routs of BC aging with HSs (HSs-aged BC)
Three main routes, namely, liquid aging of BC, homog-

enization (physical mixing in a specific ratio), and facile
combinations, as illustrated in Fig. 3, have been employed
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to fabricate HS-aged BC. These routes are distinct in their
mechanisms, leading to the development of remarkable
properties in the resulting HS-aged BC.

3.1 Liquid aging of BC with HSs

A thorough literature search found that BC and HSs are
widely used in soil applications. However, there has been
little research on BC aged in liquid form with HSs before
application to soil. Two synthesis pathways are used in liquid
aging. The first route involves the synthesis of BC from vari-
ous lignocellulosic feedstocks, such as agricultural residues
(straw, husk, stalks, etc.), forest residues (roots, woodchips,
sawdust, etc.), and herbaceous biomass (switchgrass, ele-
phant grass, etc.), under different pyrolysis conditions. The
HSs (humic acid, fulvic acid, and humin) are then extracted
from lignocellulosic biomass or soil/peat. The second route
involves the use of commercially available BC and HSs. The
as-prepared/raw materials can undergo aging in a solution
using standard procedures, as illustrated in Fig. 3a.

For example, in one study, aged/activated magnetic bio-
char (Fe;0,4-yFe,0;@PBC) was prepared using artificially
extracted humic acid (A-HA) from eucalyptus leaf powder
with a particle size of 100 meshes. The materials were dis-
persed in ultrapure water in a three-necked flask, followed
by the addition of A-HA dissolved in a 6% ammonia aqueous
solution. After stirring, the materials were obtained through
magnetic separation (Du et al. 2020).

In another study, commercially available biochar (pre-
pared by Sonnenerd GmbH, Austria from agricultural waste,
rich in cellulosic fibers and cereal husks at 600 °C) and
humac rich in oxihumolite (Envi Proddukt, Czech Republic)
were used. The characteristics of the products are enlisted
in Table 2. The aging process involved placing the biochar,
humac, and demineralized water in a gas-washing bottle and
aerating the suspension for 7 days. The resulting product was
homogenized and filtered (Hammerschmiedt et al. 2021).

Similarly, biochar powder (0.28 mm) and sodium humate
(deep brown powder with 0.075 mm size, 52% humic acid,
and 10.36) were mixed with a wood vinegar solution (pH,
3.36-3.96, and specific gravity, 1.086 g mL™") at a ratio of
1.5 (42.8 wt %), 1.0 (28.6 wt %), and 1.0 (28.6 wt %). The
mixture was then air dried and sieved to get the humic-acid-
wood vinegar-aged biochar materials for further applications
in contaminated soil remediation (Zhu et al. 2021).

In another study, a humic acid extracted from peat soil in
Ambherst, MA, was coated on biochar through a liquid mix-
ing technique with a concentration of 2000 ppm. The ratio
of biochar and humic acid was 1.5:1. The suspension was
placed in an oven at a temperature of 70 °C for 5 days, and
it was hand shaken once every day to make the solid parti-
cles uniformly contact the HA solution. Then the suspension
was centrifuged, and the remaining solution was decanted.
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Fig.3 Synthesis routes of HS-aged BC, a liquid aging, b homogenization, and ¢ facile combinations

The residue was rinsed with deionized water to remove
freely dissolved HA, freeze dried, and then re-suspended
and washed with deionized water. The HA-coated biochar
samples were freeze dried again and gently ground to pass
through a 250 pm sieve (Zhang et al. 2015).

From the literature search, it can be concluded that
research on the fabrication of liquid aging of BC with HSs is
limited and requires more attention to gain in-depth insights.

3.2 Homogenization or facile combinations of BC
and HSs

This technique primarily involves the physical treatment or
mixing of BC and HSs in a specific ratio to achieve uni-
form aging before soil application (Fig. 3b). Hamzah and
colleagues recently developed humic acid-coated biochar
using an adhesive polymer. In their study, rice straw-derived
biochar produced at a pyrolysis temperature of 400 °C was
mixed with humic acid derived from organic matter in a

balanced ratio of 1:1. Additionally, 1 g of polymer was
added as an adhesive ingredient (Hamzah et al. 2022). How-
ever, compared to liquid aging, this process is less effective
for BC functionalization, and only this study has utilized
this aging technique.

The most common and widely used technique is the appli-
cation of either BC or HSs alone or in combination (Fig. 3c).
In this technique, HSs may accelerate the aging process of
BC in the soil, but it cannot be considered an instant aging
route for BC. For instance, Holatko and colleagues prepared
combinations of low-BC (32 g kg™!) dose + HA (0.8 gkg™)
and high-BC (80 g kg™!) dose + HA (0.8 g kg™!). The results
indicated that these combinations were not favorable for
soil fertility and crop yield, possibly due to the interaction
between BC and HSs over a short period (Holatko et al.
2020). In another study, Karimi and colleagues mixed BC
with the soil at rates of 0, 20, and 40 g kg_l, while HA
was applied through irrigation water at rates of 0, 250, and
500 mg L~!. They studied the growth and nutrient uptake of
Calendula and found that the best results were obtained at
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Table 2 Characteristics of raw
biochar, humic (oxihumolite),

Characteristics

Oxihumolite
aged-biochar

Biochar (BC) Humac (oxihumolite)

and their corresponding
oxihumolite-aged biochar BET surface area
Dry matter (DM)

Ash content (550 °C)

pH (CaCl,)

Conductivity

Humic substances in DM
Calcium (Ca)
Magnesium (Mg)
Copper (Cu)

Manganese (Mn)

Carbon (C)

Nitrogen (N)

Hydrogen (H)

Oxygen (O)

C:N

H:C

0:C

288 m? g~ ! - -
41% 30% -
12% in DM -
8.5 -
327 uS cm™! -
45% -
1200 mg L~ -
55mg L™ -
1.70 mg L™! -
- 1.97 mg L~} -
48.71% 52.43%
1.11% 1.36%
1.55% 1.73%
17.27% 15.80%
43.88% 38.55%
0.032% 0.033%
0.355% 0.301%

40 g kg~! BC and 500 mg L~' HA, indicating a significant
interactive effect between BC and HA (Karimi et al. 2020).

4 Characterization of BC aged with HSs

The aging of BC with HSs alters their structure and sur-
face attributes which are normally showed through different
characterization techniques such as X-ray powder diffraction
(XRD); Fourier transform infrared spectroscopy (FTIR);
Brunauer, Emmett, and Teller (BET) specific surface area,
scanning electron microscopy (SEM), energy dispersive
X-ray analysis (EDX), X-ray photoelectron spectroscopy
(XPS), and many others. It has been evaluated from the
literature that the characteristics of BC, such as morphol-
ogy, specific surface area, and chemical composition, can
be directly influenced by HSs. For instance, Zhang et al.
reported that the carbon and nitrogen contents at biochar
surfaces, as determined by XPS, decreased, and their sur-
face oxygen content and functional groups increased after
humic acid coating. Moreover, FTIR analysis represented
alicyclic C-H stretching, C—OH, and C=C vibrations in
aromatic structures (Zhang et al. 2015). Du and co-work-
ers reported that the BET surface area of magnetic biochar
(Fe;0, YFe,0;@PBC) treated with artificial humic acid was
reduced to 744.7 from 1281.9 m*g~! (0.02Fe;0,-yFe,0,@
PBC) and 906.9 m* g~! (0.05Fe;0, yFe,0;@PBC), that may
be due to the blockage of biochar pores. Overall the material
has well crystalline structure (confirmed by XRD), uniform
morphology (showed by SEM and TEM), and diverse func-
tional groups (showed by FTIR and XPS) (Du et al. 2020).

@ Springer

In another work, humic acid (HA) and Fe-Mn oxides were
loaded onto biochar to create a novel ternary material called
HA/Fe—Mn oxide biochar (HFMB). FTIR analysis showed
that the ternary material had more functional groups on the
surface than the original biochar. Similarly, SEM showed the
flower-like porous structure of HFMB (Fig. 4) (Guo et al.
2019). Overall, the aging/coating of biochar with humic
substances imparts diverse functional groups, e.g., oxygen-
containing functional groups, the stretching vibrations of
the OH group, —C =0 group, C-O group, stretching vibra-
tions of the saturated C—H bond, the stretching vibrations of
the aromatic C—-H bond, and C-OH bond (Guo et al. 2019;
Huang et al. 2021; Lu et al. 2021). The detail about FTIR-
based functional groups with specific wavenumber cm™! is
presented in Table 3. These diverse functional groups could
play arole in various processes in the soil environment, dis-
cussed in the following section.

5 Soil application of BC aged with HSs

In this section, we aim to discuss such impacts of BC aged/
combined with HSs with different properties for soil appli-
cations in the context of agro-environmental sustainability,
human wellbeing, and circular bioeconomy. The applica-
tion of BC aged with HSs in the soil can cause several
alterations in soil characteristics, including soil physico-
chemical (pH, EC, CEC, SOC, WHC, etc.), and biologi-
cal properties (soil microbial communities dynamics), soil
fertility and nutrient dynamics, soil pollution remediation,
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Topm ' Electron Image 1

Fig.4 SEM images of a pristine biochar and b HA/Fe—Mn oxide biochar (HFMB) (Guo et al. 2019)

and plant growth. Each of the parameters is discussed in
the following sections.

5.1 Effect of BC aged with HSs on soil
physicochemical properties

The positive effects of BC and HSs on soil physicochemical
properties have been reported in several studies. Reviews
and meta-analysis showed that BC generally lowers soil
acidity and increases buffering capacity; increases dissolved
and total organic carbon, cation exchange capacity (CEC),
available nutrients, water retention, and aggregate stability;
and lowered bulk density (El-Naggar et al. 2019). Similarly,

reviewed literature indicated that HSs positively affect soil
physicochemical properties, including structure, water hold-
ing capacity, CEC, pH, EC, etc. (Ampong et al. 2022). In a
recent study, it was reported that a leonardite-derived humic
acid (HA) reduced soil pH from 5.88 to 5.33 but increased
to 6.75 by bamboo willow-derived biochar in an incubation
study for 180 days (Meng et al. 2022). However, the effect
of BC aged by HSs on soil physicochemical properties has
not been extensively investigated, although positive impact
of co-amended BC and HA has been reported in a few stud-
ies and summarized in Table 4. In this regard, Zhang and
co-workers reported that the integrated effect of BC and HA
in optimum combination not only improved the particle-size

Table 3 FTIR-based functional groups with specific wavenumber cm™" of organic compounds aged biochar

Functional groups

‘Wavenumber cm™

Reference

Phenolic -OH 3400 cm™
Carboxylic, ketone C=0

Aliphatic C-H

N-H amide and heterocyclic N

Oxide sorbed to aged-char through —-OH
C—OH bond

Saturated C—H bond

Aromatic C-H bond

—C=0 group

3396 cm™!
1381 cm™

1576 cm™

C-0 group 1089 cm™!

1690 cm™!, 1720 cm™!
2850 cm™!, 2920 cm™!
1346 cm™!, 1534 cm™!

2924 cm™! and 2925 cm™!
796 cm™! and 793 cm™!

Liu et al. (2013), Trompowsky et al. (2005)

Ascough et al. (2011)

Singh et al. (2016)

Qian et al. (2015)

Singh et al. (2016)

Guo et al. (2019), Huang et al. (2021), Lu et al. (2021)
Guo et al. (2019), Huang et al. (2021), Lu et al. (2021)
Guo et al. (2019), Huang et al. (2021), Lu et al. (2021)
Guo et al. (2019), Huang et al. (2021), Lu et al. (2021)
Guo et al. (2019), Huang et al. (2021), Lu et al. (2021)
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= distribution and adjusted the bulk density, porosity, and
g ~ water-holding capacity (WHC) but also reduced pH and
é § EC (Zhang et al. 2014). The improvement in the physical
gz properties of soil could be due to the ability of BC and HA
< g § to optimize/reduce soil compaction (Jayasinghe et al. 2010;
f = Rahim et al. 2019). In another study, it has been reported
E = that the increase in porosity and water retention could be
§ 4 %’% g due to the action of the capillary pores of the BC and the
% 3,‘4&‘» é E Eoig hydrophilic group of the HA (Montoneri et al. 2008). The
% E g E‘D% 2 ‘;‘; sole application of BC has been reported to increase the pH
=T R “ of growth media up to a level that is unfavorable for plant
growth. However, the combined application of BC and HA
reduced the pH and EC of growth media due to the presence
g § of organic acid functional groups in humic substances and
§ %‘J the ability of HA to increase the leaching of soluble salts
E'i% < (Montoneri et al. 2008; Varanini and Pinton 1995). Con-
R Z versely, Holatko and colleagues reported that BC and HA
amendments have a significant effect on soil pH (Holatko
3 E et al. 2020). Similarly, Haider et al. reported that the loading
. 'gn_é ’é %“% of HA on the surface of BC did not improve the efficiency of
% e % é 3 g BC in soil for improving soil physicochemical properties and
= ?-: 2| g g g yield-related traits (Haider et al. 2015). According to the lit-
SERE |5 erature review, BC and humic compounds both have favora-
ble effects on soil’s physical properties but differ in their
impacts on soil’s chemical properties, nonetheless favoring
E‘ ° plant growth and development (Fig. 5). Moreover, the work
- é on liquid aging of BC with HA needs in-depth investigation
= 3 regarding their effects and underlying mechanisms on soil
- b physicochemical properties both under short-term control
g §°§ —:c:j 5 and long-term field conditions.
2% R ES 5.2 Effec.t of BC a.lge(.i Y\Ilth HSs on soil
s s e nutrient availability
°=<3 g o It has been observed that the co-application of BC and HSs,
E g E g such as humic and fulvic acid, whether as a single, facile
E é S combination, or HSs-aged BC treatments, is a sustainable
. and environmentally benign method for increasing soil nutri-
g ent availability and supply for plants. According to reports,
2 BC holds considerable promise as a source of readily avail-
%A o able nutrients like nitrogen, phosphorus, potassium, car-
58 § bon, sulfur, calcium, and magnesium for plants to absorb in
soil. According to Azeem et al. (2023), biochar generated
from cow bone at 500 and 800 °C improved nutrients such
as NH, up to 50%; NO; up to 31%; Olsen P up to 48%;
‘:5 g extractable K up to 18%, and dissolved organic carbon by
E 8 up to 74% compared to control. Similarly, Wandansari et al.
S |® M ® (2023) found that the concentration of organic carbon, nitro-
qé % = gen, and phosphorus was enhanced by 43.8%, 50.0%, and
§ i % 97.3%, respectively, by commercial humic acid. However,
i’ E g g the availability and supply of nutrients to plants may not
2 < 2 : always be accurately reflected by the sole application of BC
i < = and HSs in soil. Hence, co-applying or aging biochar with
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cell membranes by acting a
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Fig.5 The co-application or humic substance-aged biochar affects soil physicochemical and biological properties, nutrient desorption, uptake by

plants, and growth

humic compounds may increase the availability of nutrients
to plants. The key factors in this respect are compiled in
Table 4. According to a review by Yang et al. (2021), the
co-application of biochar and humic substances affects soil
phosphorus mitigation and transformation by influencing
the microbial community and enzymatic activity as well
as by transforming the physicochemical properties of the
soil. Karimi et al. (2020) indicated that the co-application of
biochar and humic acid at the rate of 40 g kg~! and 500 mg
L~! significantly (P <0.05) enhanced the concentration of
macro- (P, K, Ca, and Mg) and micronutrients (Fe, Zn, and
Mn) in soil and their uptake by Calendula (Calendula offici-
nalis L.). In a different study, it was found that adding bio-
char and humic acid (HA) collectively improved total ammo-
nium nitrogen in the soil by —5.37 to 21.37% compared to
the control. However, HA decreased the soil’s ammonium
nitrogen content. Similar to this, there was an increase in the
concentration of available phosphorous, which was attrib-
utable to the release of phosphate that had been fixed in
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biochar by the reaction of humic acid. Potassium was not
significantly improved with the co-application of biochar
and humic acid (Ma et al. 2022). In contrast, Holatko et al.
(2022) reported that the combined application of digestate,
biochar, and humac did not show a significant effect on car-
bon, nitrogen, and phosphorus transformation in soil under
controlled conditions. Similarly, Haider et al. (2015) indi-
cated that BC, not HA, applied alone or in combination,
increased the nitrogen use efficiency of plants.

The processes and mechanisms involved in the availabil-
ity of nutrients in the soil with the application of BC and
HSs are the following: (1) the application of BC with HA
can improve the soil’s ability to store nutrients for plants
while also supplying energy and nutrient sources for soil
microbes, which in turn increases the availability of nutrients
in the soil (El-Naggar et al. 2020, 2019); (2) the application
of BC and HA in soil could transform ammonium nitrogen
into sustained-released fertilizer through complex formation
and surface adsorption (Hailegnaw et al. 2019); (3) HA, an
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organic macromolecule with several oxygen-containing
functional groups, could create complexes with ammonium
nitrogen to lower its losses from the soil (Aeschbacher et al.
2012); (4) the addition of humic compounds can increase the
availability of phosphorus by reducing the Ca ions’ affinity
for phosphorus in alkaline soil (Khan et al. 2018); (5) addi-
tionally, HA and BC can increase the amount of phospho-
rus readily available in soil by converting phosphorus fer-
tilizer into slow-acting phosphorus (Ma et al. 2022). These
processes and mechanisms are systematically illustrated in
Fig. 5.

It is concluded that BC and HSs contain a significant
concentration of nutrients. Their application in agricultural
soils can supply the optimum concentration of nutrients for
crops and microorganisms. Additionally, through complexa-
tion, surface adsorption, and release, BC and HSs added to
the soil may transform nutrients therein into long-lasting
nutrients. In this regard, the co-application of HSs-aged BC
using a liquid-aging process has the potential to be an eco-
nomical substitute for chemical fertilizers. However, more
research is required.

5.3 Effect of BC aged with HSs on soil
biological activities

Improving soil fertility and nutrient management frequently
requires the application of exogenous organic matter, and
such treatments can significantly increase microbial activ-
ity, root respiration, enzyme turnover, and many other bio-
logical activities in soil (Bamdad et al. 2022). Numerous
studies have examined the effects of individual BC and
humic compounds on the composition and activity of soil
microbial communities (Pukalchik et al. 2019; Quan et al.
2020b). Existing research, however, consistently demon-
strates that the facile combination of BC with HSs or aging
BC with HSs can also boost soil biological activities (Al-
Maliki et al. 2018), and the key parameters are summarized
in Table 4. The high specific surface area and porosity of BC
and HSs stimulate aeration and moisture retention, creating
an ideal environment for microbial communities to flourish
and function, illustrated in Fig. 5. To this end, it is reported
that the soil’s microbial biomass carbon and respiration
activity were higher when BC and humic compounds were
applied together. The majority of enzyme activity (including
B-glucosidase, arylsulfatase, N-acetyl-p-p-glucosaminidase,
and phosphatase) was higher in soil that had been supple-
mented with humic compounds. In contrast to how aged
biochar behaved, the application of humic substances and
biochar with humic substances appeared to encourage
microbial growth and activity, followed by the competition
of microflora for nutrients with plants (Hammerschmiedt
et al. 2021). However, previously it was indicated that
the effect of non-treated biochar on basal respiration was

found negative (Spokas et al. 2009), and the co-application
of humic substances with biochar decreased the negative
effect of non-treated biochar on basal respiration (Hammer-
schmiedt et al. 2021). In a related study, the combination of
biochar and humac reduced microbial activities (C,;., dehy-
drogenase activity, enzymes, substrate-induced respiration)
in the amended soil at low biochar doses while attenuating
the negative effects of high biochar doses on respiration and
enzyme (phosphatase, arylsulphatase) activities (Holatko
et al. 2020). The interaction between the substrate, enzyme,
and biochar surface could be the cause of the decreased
microbial activity, as well as the priming impact of biochar
on native soil organic matter (Fang et al. 2015; Zimmerman
et al. 2011). Similarly, the decrease in microbial activities
could be assigned to the biochar surface properties that make
the substrate unavailable for the enzyme to function (Allison
2006; Lammirato et al. 2011). In line with previous stud-
ies, Holatko et al. (2022) reported that the co-application
of digestate with biochar and humac significantly enhanced
short-term respiration activity and nitrification in soil.

6 Effect of BC aged with HS on soil
pollution remediation

Anthropogenic activities leading to soil pollution with organic
(xenobiotic organic compounds) and inorganic (heavy met-
als/metalloids) pollutants have severe impacts on crop
yield, food quality, and human health (Rahim et al. 2021;
Saha et al. 2017). The cleaning up of these pollutants from
the soil is one of the main issues in the agro-environmental
context. From the last decades, in situ immobilization based
on stabilization/solidification (S/S) has proven to be one of
the most effective methods for reducing the bioavailability
of contaminants (particularly metal ions in soils) due to its
affordability, speed of reaction, variety of amendments, and
minimal environmental impact (Dhaliwal et al. 2020; Rahman
et al. 2016). It can be performed by limiting metal ion flow to
water, plants, and other environmental matrices via sorption,
precipitation, complexation, and ion exchange (Rajendran
et al. 2022). Lime and limestone, clay minerals, phosphates,
metal oxides, hydroxides, and carbon-based adsorbents like
compost and BC are some of the most often used amend-
ments. Each adsorbent revealed a unique set of processes for
removing pollutants from soil (Bolan et al. 2014; Idris et al.
2023). For instance, soil amendment with liming materials
reduces the bioavailability of metal ions to plants by reducing
H* concentrations and increasing negatively charged ions to
trigger metal ion precipitations of carbonate and hydroxides
(Hale et al. 2012). Clay minerals used as soil amendments to
immobilize metal ions by liming, precipitation, adsorption,
and ion exchange reduced metal ion bioavailability in soil
(Yi et al. 2017). Through surface adsorption and isomorphic
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substitution, hydroxyapatite-based soil amendments immo-
bilized metal ions in soils by co-precipitating with Ca**
(Xia et al. 2017). Inner-surface complex formation, co-
precipitation, selective adsorption, newly formed secondary
oxides, and co-precipitation were all assumed to be crucial
metal oxide stability processes (Komarek et al. 2013).

Carbon-based soil additives like BC and compost have
attracted remarkable interest recently for their ability to clean
up contaminated soils (Fu et al. 2022). BC has unique physic-
ochemical and biological characteristics, including a porous
structure that retains moisture, abundant functional groups,
a high CEC, and a high adsorptive capacity (Igalavithana
et al. 2017). Additionally, BC can be considered a compos-
ite substance comprising phenol, alkane, and olefin com-
pounds, together with cellulose, furan, pyran, dehydrosugar,
carboxylic acid, and their derivatives. These elements pro-
vide an abundance of nutrition for microbial development.
The structure, quantity, and types of functional groups on
the surface of the biochar can alter how heavy metals are
complex as it ages. This complexation process, in turn,
decreases heavy metal mobility and bioavailability (Henryk
et al. 2016; Li et al. 2001). Since pH affects the chemical
forms of heavy metals in soil, a link between soil pH and
the distribution of those forms has been identified. The pH
influences surface stability, coordination properties, existing
heavy metal forms, and adsorption sites. BC has alkaline
qualities, and its use can efficiently increase soil pH. As
a result, heavy metal mobility in the soil is reduced (Gul
et al. 2015; Van Zwieten et al. 2010). The mechanisms of
BC’s direct interaction with metal ions include electrostatic
interaction with its negatively charged surface, complexa-
tion with oxygen-containing functional groups on its inner
surface, precipitation with mineral oxides on its inner sur-
face, and co-precipitation with additional mineral phases (Fu
et al. 2022; Rahim et al. 2022). Similar indirect ways include
changes in soil’s pH, CEC, mineral composition, and organic
matter content (He et al. 2019).

The presence of functional groups such as COOH, phe-
nolic-OH, alcoholic-OH, carbonyl groups, quinone, and oxy-
gen-containing functional groups in the organic matter (humic
substances) is responsible for contaminant sorption, metal
chelation, redox mediation, the fate and transport of heavy
metals and organic pollutants, as well as the stabilization of
soil structure (Aeschbacher et al. 2012; Islam et al. 2020).
According to research, humic compounds influence soil pH,
which, in turn, slows down the decomposition of soil organic
matter (SOM). Consequently, this reduction in SOM decom-
position leads to a decrease in the bioavailability of heavy
metals in the soil. This impact can be related to acidic func-
tional groups in humic substances, namely, carboxyl groups,
which make it easier for heavy metals to bind them and reduce
their bioavailability. Additionally, humic substances have the
ability to combine with soil minerals to produce complexes
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that immobilize humic acid and increase the number of heavy
metal binding sites in the soil. Overall, these activities result
in a fall in soil pH and a reduction in the amount of nega-
tive charge on the soil surface, which restricts the mobility
of heavy metals (De Matos et al. 2001; Meng et al. 2017; Shi
et al. 2018; Signa et al. 2015; Xiao et al. 2020).

According to previous reports, employing freshly gener-
ated BC for remediating contaminated soils involves chal-
lenges (Liu et al. 2022). Insufficient catalytic activity, regen-
eration, recycling from soil and water environments, and net
negative surface charges that decreased its sorption capac-
ity against metal ions are some of the issues with fresh BC
(Chen et al. 2021, 2022; Zhang et al. 2019). A single humic
material amendment has little effect on the immobilization
of metal ions in soil (Hamzah et al. 2022). For example, in
a recent comparative study, BC and HA were applied at the
rate of 1 and 3% to remediate Cd and As in paddy soil in a
180-day incubation study. According to the findings, HA at
arate of 3% was more effective in removing both Cd and As.
However, BC had a similar effect on Cd but a different influ-
ence on As. Additionally, HA decreased soil pH, whereas
BC increased it, affecting the remediation of Cd and As in
soil (Meng et al. 2022).

It has inspired scientists to reconsider their original plans
and either create biochar aged with humic substances or
employ both biochar and humic substances in facile combi-
nation in soil to immobilize metal ions. Table 5 provides a
summary of the main parameters in this regard, and a further
explanation is here.

A compound amendment comprised BC modified with
chitosan, humic material produced from composted kitchen
waste, and NPK compound fertilizer was developed and uti-
lized to immobilize Pb in acidic soil. The results showed
that humic material combined with biochar modified with
chitosan efficiently immobilized Pb and controlled the pH
of acidic soil (Liu et al. 2023). In their study, Meng et al.
utilized leonardite-derived humic acid (L-HA) and bamboo
willow-derived biochar (BWB) as amendments at doses
of 1% and 3% in a paddy sandy soil (with an initial pH of
5.88) contaminated with various heavy metal(loid)s. The
results showed that L-HA significantly reduced the soil pH,
whereas BWB increased the soil pH. Furthermore, the L-HA
amendment effectively decreased the bioavailability of cad-
mium (Cd) and arsenic (As) in the soil. On the other hand,
the BWB amendment increased in the bioavailability of Cd,
with no significant impact on the bioavailability of As, com-
pared to the control group (Meng et al. 2023).

In a different research study, the effects of rice husk
biochar (RBC) and humic acid (HA) were examined when
introduced into cultivated land soil that was contaminated
and had a high pH level (8.21). The objective was to explore
how these additions would influence the availability of
heavy metals and the overall quality of the soil. The findings
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from this study demonstrate that the inclusion of BC, HA,
and their combination resulted in a decrease in the extract-
able Cd content as measured by DTPA. Furthermore, all
levels of BC and HA enhance the electrical conductivity
(EC) and cation exchange capacity (CEC) of the soil, pro-
moting the immobilization of Cd and improving the nutri-
tional condition (Ma et al. 2022). In a separate investiga-
tion, humic-acid-coated biochar was utilized to eliminate
Pb and Cu from neutral soil with a pH value of 6.34. The
outcomes indicated a reduction in the bioavailability of Pb
by 40.04% to 87.28% and of Cu by 8.63% to 40.23%. This
decline in the uptake of Pb and Cu by plants can be due to
the immobilization process. Physisorption, chemisorption,
and precipitation of these heavy metals occur due to the
synergistic role of BC and HA. BC effectively hindered the
activation of plants toward metals and reduced their uptake.
Moreover, the immobilization of heavy metals by biochar
resulted in the transformation of these metals into more sta-
ble and less toxic forms. However, the presence of humic
acid facilitated the formation of water complexes between

humic acid and Pb/Cu, preventing the formation of Pb/Cu
hydroxide. As a result, this increased the availability and
mobility of soil-bound Pb and Cu (Hamzah et al. 2022). Zhu
and coworkers prepared a novel adsorbent (BHW) composed
of biochar (BC), humic acid (HA), and wood vinegar (WV)
for the immobilization of Ni2* in soil. The efficiency of
BHW was compared with fresh biochar (BC) and BC + HA
composite (BH). The results showed that the immobiliza-
tion of Ni** was in the order BHW > BH > BC. Addition-
ally, the maximum adsorption capacity was raised in the
same order of BHW >BH > BC (Zhu et al. 2021). Anton
and colleagues used biochar in combination with three dif-
ferent fertirrigates, such as fertilizer solution, water, or com-
mercial biostimulant derived from leonardite, to examine
their impact on the immobilization of As, Cd, Pb, and Zn
in sandy clay loam soil with slightly alkaline pH (7.34).
Biochar application reduced the bioavailability of copper
(Cu) and lead (Pb). Additionally, the amount of arsenic (As)
and Pb in plants decreased when fertilizer and biochar were
used together. When combined with a biostimulant, biochar
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lowered the amount of cadmium (Cd) bioavailable in the soil
and the amount of Cd that pepper plants absorbed (Ant6n-
Herrero et al. 2022).

Keeping in view the above discussion, we can conclude
that BC aged or combined with HSs can contribute to the
reduction of heavy metal bioavailability in soil through sev-
eral mechanisms. Firstly, the presence of HSs on the surface
of BC increases its sorption capacity for heavy metals. HSs
contain various functional groups, such as carboxyl, hydroxyl,
and phenolic groups, which can be complex with heavy metal
ions, effectively immobilizing them and reducing their avail-
ability for uptake by plants or leaching into groundwater.

Secondly, the addition of BC aged with HSs to soil can
enhance soil pH. HSs are known to possess buffering prop-
erties, which can help maintain a more favorable pH range
for plants and microorganisms. When the soil pH increases,
it can lead to the precipitation or formation of less soluble
forms of heavy metals, reducing their solubility and subse-
quent bioavailability.

Furthermore, the application of BC aged with HSs can
improve soil structure and increase the cation exchange
capacity (CEC). This enhanced CEC provides more sites for
heavy metal adsorption and reduces their movement through
the soil profile, thus reducing their bioavailability.

Overall, BC aged with HSs acts as a sorbent, pH modifier,
and soil conditioner, all of which contribute to the reme-
diation of heavy metal bioavailability in soil and mitigate
potential environmental risks associated with heavy metal
contamination. The discussed mechanisms and processes are
systematically illustrated in Fig. 6.

However, it was discovered that while there are studies
on the co-application of BC and HA, there are none on the
liquid aging of BC with HSs and their impact on the immo-
bilization of organic or inorganic contaminants in soil. In
this regard, in-depth research is required.

7 Conclusions and future outlooks

Global action is required to ensure future food security
for all people, given the current and expected conditions
of expanding global demand for food, the intensification
of climate change effects on agriculture, and the depletion
and degradation of natural resources. Agricultural waste
is produced in enormous amounts as a result of improper
practices used across the food supply chain, from primary
production to consumption. An important step in mov-
ing the global food system toward sustainability will be
the development of a circular bioeconomy that reduces
resource loss and feeds recovered materials back into the
economy. The usage of biochar and the recently developed
synthetic HSs generated from waste biomass can effec-
tively minimize the problems caused by agricultural waste.
The synthesis of carbon-based materials such as BC, com-
post, hydrochar, and HSs not only turns difficult-to-handle
solid waste into valuable-added products but also serves as
soil conditioners. Even more remarkable is that recycling
nutrients from waste materials into carbon-based materials
seems to lessen the overuse of chemical fertilizers and, in
turn, the overexploitation of natural resources like farm-
lands and water. The aging of BC with HSs appears to be

Fig.7 A hypothetical circular
model showing the trans-
formation of lignocellulosic
feedstocks into value-added
products, their application as
soil amendments to get the
maximum food and/or feed
production, and again receiv-
ing lignocellulosic feedstocks.
The cycle repeats, ensuring the
agroecosystem’s sustainability,
and is credited to circular bio-
economy components

Soil application as an amendment

Consumption

—

Waste valorization
Agro-
environmental
sustainability
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Nutrient economy
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extraordinary and to have had a significant influence on the
soil system. They have the potential to amend soil proper-
ties like pH, CEC, aggregate stability, and water-holding
capacity. Similarly, they can bind metal ions and oxides
in the soil using a variety of processes and mechanisms,
including complexation, electrostatic interaction, and pre-
cipitation. They also impact the dynamics and activities of
soil microbes, which in turn affect the biogeochemistry and
the availability of nutrients for plant growth. The aforemen-
tioned discussion is explained in Fig. 7. BC and HS have a
significant influence on sustainable agriculture; however,
there are still areas of research that require investigation.

1. The liquid aging technique for BC with HSs needs
more attention and detailed characterization to gain in-
depth insights into aged biochar morphology, functional
groups, and new species formation.

2. Choosing biomass with high levels of lignocellulosic sub-
stances for BC production and organic sources or soil with
abundant functional organic acids or macro/micro-molecules
for HSs extraction is important to enhance the liquid aging
process and produce additional functional groups.

3. Research should investigate aging time (ranging from
hours to days), aging techniques, the use of sticky reagents
like polymers, and other modifying chemicals such as zinc
chloride to understand aged biochar morphology better.

4. Studying the effect of HSs-aged BC on soil physico-
chemical parameters, nutrient dynamics, soil pollution
remediation, and microbiological activities is crucial for
comprehensive information gathering.

5. There is a need to focus on the liquid aging of BC with
HSs, extracting HS chemicals from soil or peat, improv-
ing aging processes, and understanding the impact of
aged biochar on soil processes.

6. Research on the aging of biochar should consider soil
classification and type based on the World Reference
Base for Soil Resources to provide more specific insights.
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