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Abstract

Due to anthropogenic activities, heavy metal (HM) pollution in soils has increased, resulting in severe ecological
problems and posing a constant threat to human health. Among various remediation methods, bacterial remediation
is a relatively clean, efficient, and minimally negative approach. However, bacterial agents face multiple environmental
stresses, making them challenging to achieve long-lasting and stable restoration effects. To address this issue, sup-
portive organic substances such as biochar can be added to the soil with bacteria. According to bibliometric studies,
integrating biochar and bacteria is extensively researched and widely used for HM-contaminated soil remediation.

By integrating biochar and bacteria, heavy metals in the soil can be remediated, and soil conditions can be improved
over time. Bacteria can also better promote plant growth or contribute effectively to phytoremediation processes
when assisted by biochar. However, the remediation agents integrating biochar and bacteria are still some dis-

tance away from large-scale use because of their high cost and possible environmental problems. Therefore, further
discussion on the interaction between biochar and bacteria and the integration approach, along with their remedia-
tion efficiency and environmental friendliness, is needed to achieve sustainable remediation of HM-contaminated
soils by integrating biochar and bacteria. This paper discusses the potential mechanisms of biochar-bacteria-metal
interactions, current advancements in biochar-bacteria combinations for HM-contaminated soil treatment, and their
application in sustainable remediation, analyzes the interaction between biochar and bacteria and compares

the remediation effect of different ways and feedstocks to integrate biochar and bacteria. Finally, future directions

of biochar-bacteria combinations are presented, along with evidence and strategies for improving their commerciali-
zation and implementation.

Highlights

- Determining the synergy between biochar and bacteria to identify the optimal ratio for their efficacy as a reme-
diation agent.

- Biochar-bacteria combinations can remediate metal-contaminated soils by direct or assisted phytoremediation
to face different situations.
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by biochar-bacteria combinations.

Graphical Abstract

- Integration methods and feedstocks are keys to achieving sustainable remediation of HM-contaminated soils
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1 Introduction

Heavy metals (HMs) are metals with densities greater
than 4.5 g/cm?® such as cadmium (Cd), chromium (Cr),
lead (Pb), mercury (Hg), cupric (Cu), selenium (Se), arse-
nic (As), nickel (Ni), and others that tend to accumu-
late in the environment and are resistant to degradation
(Rajendran et al. 2022). Despite numerous painful les-
sons learned over the last few decades, the world con-
tinues to face serious problems with HM pollution in
soils (Peng et al. 2022). HM can enter humans through
the food chain or drinking water, causing a variety of
negative effects (Wang et al. 2022b). Soil, as a complex
environmental medium, cannot purify itself of HM pol-
lutants effectively and thus requires remediation through
artificial interventions. These interventions are classi-
fied as physical, chemical, and bioremediation based on
the remediation technology principles (Rajendran et al.
2022). Among the various bioremediation techniques,
in situ remediation with bacteria has received more
attention due to its low cost, quick results, operability,

and eco-friendliness (Dhaliwal et al. 2020). However, the
colonization and remediation efficiency of bacteria in
HM-contaminated soils and the remediation efficiency
of HM-contaminated soils are easily influenced by exter-
nal conditions such as soil pH, water content, HM stress,
nutrient sources, and competition from indigenous
microorganisms (Zheng et al. 2022). Therefore, a suitable
carrier for bacterial colonization and effective remedia-
tion must be found.

Biochar is a carbon-rich material produced by the
anoxic pyrolysis of biomass (Wang and Wang 2019). It
has a large specific surface area and is porous, allowing
it to adsorb and fix HM in soils (Yang et al. 2021). When
added to soil, biochar replenishes soil organic carbon
(C) content (Ullah et al. 2023), regulates soil pH (Brichi
et al. 2023), and increases soil cation exchange capacity
(CEC), providing ideal conditions for bacterial survival.
Additionally, biochar provides shelter and nutrition to
bacteria (Zhao et al. 2020), and even stimulates them to
remediate contamination (Guo et al. 2022; Zhou et al.
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Fig. 1 Discovering trends in “biochar and bacteria”research using bibliometric methods. a Flowchart of data collection for research articles

in biochar-bacteria. b The annual and cumulative number of research articles on biochar-bacteria (Curve: the prediction based on the model
equation; Inside: statistics of issuance types). ¢ Articles published on the theme of bacteria-biochar in the Web of Science core database in 2022 are
classified into 15 main topics (In brackets: the number of articles under this topic)

2022). Therefore, integrating biochar and bacteria is
increasingly being used as a more efficient, adaptable,
and sustainable remediation agent for HM-contaminated
soils (Chen et al. 2021b; Zheng et al. 2022). Bibliomet-
ric statistics (Fig. la) reveal that research on biochar
and bacteria as a complex bacterial agent has recently
emerged (around 2010) and is rapidly developing, with
an exponential increase in annual publications (Fig. 1b).
Among the 724 articles related to bacteria-biochar in
the 2022 web of science core database, 15 major topics
were identified using the carrot2 system (www.carrot2.
org), with the majority related to remediation of contami-
nated soil, heavy metals, and subtopics such as “Cr(VI) to
Cr(III)” and “effects on Cd” (which accounted for 30.4%
of the total number of articles posted), as shown in the
visualization (Fig. 1c).

The interaction between biochar and bacteria can
provide multiple benefits such as promoting plant
growth, supporting HM mobilization, improving phy-
toextraction (Wu et al. 2019), as well as immobilizing
or detoxifying HM to alleviate metal stress in crops
(Cheng et al. 2020). Furthermore, crop waste can be

recycled in a sustainable manner by being converted
into biochar and can be used as a slow fertilizer for
soil fertility. Although there have been many reviews
discussing the benefits of biochar as a negative car-
rier for bacteria and a summary of the application of
bacteria-loaded biochar in environmental remediation
(Bolan et al. 2023; Zheng et al. 2022), there has been
little attention to the sustainability of biochar-bacteria
combinations in practical applications. The extensive
use of biochar can lead to huge costs and potential
environmental risks (Sabir et al. 2020). There is a need
to explore the optimal biochar-to-bacteria ratio, clarify
the relationship between biochar and bacteria, and ulti-
mately develop inexpensive, efficient, and sustainable
biochar-bacteria combination products. In this review,
we investigate recent research on the use of biochar-
bacteria combinations for the remediation of HM-con-
taminated soils, elaborating on their interactions with
HM. Additionally, we discuss the mechanisms of direct
biochar-bacteria combination-induced immobilization
of HM or assisted hyperaccumulators for phytostabili-
zation and phytoextraction. Finally, the influence of raw
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materials and processes on biochar-bacteria combina-
tions is extensively discussed, which will contribute to
the design and commercialization of biochar-bacteria
combination remediation agents.

2 Biochar and its potential for remediation

2.1 Biochar properties and production

Biochar, an eco-friendly material, has enormous potential
in the remediation of HM-contaminated soils owing to
its unique structural properties (Zheng et al. 2022). Key
factors that affect its remediation effectiveness include
the raw material, application amount, and pH of biochar
(Li et al. 2020). As an adsorptive porous material with a
large specific surface area and electronegativity, biochar
can adsorb metal ions such as Cu(I), Cd(II), Cr(III),
and Pb(II), and this adsorption is positively correlated
with the pH of the biochar, which is determined by the
amount of negative surface charge (Ahmad et al. 2018).
Biochar usually displays high CEC values and can release
cations for exchange with HM in the soil, which can be
trapped in an amorphous structure through complexa-
tion with oxygen-containing functional groups or sur-
face deposition (Gholizadeh and Hu 2021). Furthermore,
biochar has both oxidizing and reducing properties, act-
ing as electron shuttles, allowing for direct or mediated
microbial reduction of Cr(VI) to Cr(III) (Xu et al. 2019b).
Biochar surfaces contain a very large number of oxygen-
containing functional groups, which play a very impor-
tant role in the adsorption of HM and can be effective in
loading bacteria (Bolan et al. 2023).

The properties and structure of biochar are deter-
mined by the feedstock and processes used to produce
it. Lignin-based biochar, at the same temperature, has
greater C fixation and surface functional groups than
cellulose-based biochar but possesses a smaller spe-
cific surface area (Wan et al. 2022). Additionally, hemi-
cellulose, such as xylan, is the most efficient biochar for
adsorption, surpassing cellulose and lignin biochar in
adsorption experiments (Wan et al. 2020). The physico-
chemical characteristics of biochar are also affected by
the temperature, heating rate, residence time, and air
conditions during its production (Wang and Wang 2019).
For instance, as the pyrolysis temperature increased, the
ash content, pH, and specific surface area of rapeseed
stem-derived biochar increased, whereas the pore size
and number of functional groups decreased (Zhao et al.
2018).

Developing an optimized production process for
biochar stands as a sustainable approach to enhance
HM remediation via biochar (Qiu et al. 2022). In com-
parison to virgin biochar obtained through pyrolysis,
alkali-activated biochar exhibits a more intricate pore
structure and a greater specific surface area. Meanwhile,
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low-temperature pyrolysis yields biochar with elevated
surface functional groups when contrasted with high-
temperature pyrolysis. These production processes col-
lectively hold the key to enhancing the biochar’s binding
capacity to HMs. Modifying the functional groups on
biochar also presents a viable strategy to heighten the
efficiency of HM remediation (Wang et al. 2021c).

An in-depth investigation into the elimination mecha-
nisms of various pollutants by biochar utilizing theoreti-
cal calculations and molecular simulation techniques can
provide insights into the distinct contributions of dif-
ferent functional groups to pollutant binding (Qiu et al.
2022). This understanding, in turn, can inform the design
of biochar tailored for optimal usage in the remediation
of HM-contaminated soils.

2.2 Biochar-bacteria interaction

When biochar is added to the soil, it interacts with
microflora, specifically with bacteria, as illustrated in
Fig. 2. Biochar’s effect on bacteria can be categorized into
two types: direct and indirect effects (Zhu et al. 2017).
The influence of biochar’s abundant functional groups on
the surface, which can either support or inhibit bacterial
growth and activity, is referred to as direct effects. Fur-
thermore, biochar’s high electrical conductivity can aid
in bacterial electron transfer. Indirect effects occur as a
result of changes in the soil that bacteria inhabit. Current
research has focused on the possible effects of biochar
on bacteria (Bolan et al. 2023; Zheng et al. 2022), while
the effects of bacteria on biochar have been less studied.
Bacteria respond to the stresses imposed on by biochar,
which can alter biochar’s chemical and physical proper-
ties, leading to its degradation and transformation, as
well as accelerating its aging, ultimately impacting bac-
terial survival. The integration of biochar and bacteria as
remediation agents for HM-contaminated soils can only
be facilitated if the possible interactions between biochar
and bacteria are clarified.

2.2.1 Directimpact of biochar on bacteria

Exogenous microorganisms face challenges when colo-
nizing soils due to competition with indigenous microor-
ganisms and difficulty in adapting to the soil environment
and climate (Zheng et al. 2022; Zhu et al. 2017). However,
biochar can act as a protective barrier for bacteria, as
depicted in Fig. 2a. With its loose and porous structure
and large specific surface area, biochar is an ideal envi-
ronment for bacterial colonization. Furthermore, bacteria
residing in biochar can adapt more quickly to environ-
mental stresses, such as high or low temperatures, salt,
and HM (Zhang et al. 2023). Aged biochar provides bac-
teria with a longer colonization time, potentially due to



Ouyang et al. Biochar (2023) 5:63

Toxicity Stimulation

Specific surface area |
Pore volume |

Page 5 of 19

Soil

/ Nutriment——l
@—plncrease CEC —.&‘&&

J

Dissolution of
labile aliphatic carbon

Aromaticity 1 C | coﬁtse“ ¢ Of CECH

Surface oxidation

Fig. 2 Interactions between biochar and bacteria. a Biochar directly affects bacteria in the following ways: (1) Biochar stimulates or inhibits bacterial
growth; (2) Biochar acts as an electron shuttle, receiving and transmitting electrons from bacteria but also transmitting electrons to bacteria; (3)
Biochar can act as a mediator for inter-bacterial communication; and (4) Biochar can act as a shelter for bacteria to help them resist stress. b Biochar
can help bacteria resist stress by changing the soil environment in which they live indirectly on bacteria. ¢ Bacteria have the potential to alter

the physical properties of biochar. The dashed arrows indicate changes in the morphology of biochar under the influence of bacteria. d Bacteria
cause changes in the chemical properties of biochar. Cation exchange capacity (CEC); carbon (C); oxygen (O); increase (1); decrease (V)

its improved mechanical properties, which reduce the
fragmentation of biochar particles and limit the release
of unstable components (Wang et al. 2020). For instance,
the biochar derived from vegetable wastes effectively
adsorbed heavy metals (Pb and Cd) and reduced the Pb
and Cd toxicity to soil microbes (Huang et al. 2023).

It is still debatable whether biochar promotes or inhib-
its bacterial growth (Fig. 2a). On the one hand, biochar is
rich in nutrients and can be used to feed bacteria (Zhang
et al. 2020a). Furthermore, efficient contact of sp*hybridC
with bacteria has been shown to stimulate the growth of
certain bacteria (Ouyang et al. 2022), leading to reports
that biochar can enhance bacterial growth and metabo-
lism (Guo et al. 2022; Yan et al. 2022; Zhou et al. 2022).
On the other hand, biochar may also have a harmful

impact on bacteria (inhibiting bacterial cell division
and growth rate), with potential toxicity resulting from
the presence of hazardous substances (Godlewska et al.
2021), such as polycyclic aromatic hydrocarbons (PAHs),
volatile organic compounds (VOCs), HMs, produced
during pyrolysis (Godlewska et al. 2021; Zheng et al.
2022). Furthermore, physical properties such as the parti-
cle size or morphology of biochar can cause cellular dam-
age to bacteria (Prodana et al. 2019). The total amount of
hazardous substances present in biochar is determined
by its biomass and production method, but the extent of
its toxicity to bacteria is determined by the bioavailability
of these hazardous substances (Godlewska et al. 2021).
Thus, it is important to consider the toxicity of biochar
during fabrication and modify it appropriately to reduce
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its toxicity (Konczak et al. 2020). Reducing the amount of
biochar used also needs to be considered when actually
designing remediation agents for biochar and bacteria;
low concentrations of toxicity often tend to produce toxic
excitatory effects in bacteria, which stimulate multiple
bacterial functions, and reduce the risks they may pose.

Moreover, biochar has a significant direct impact on
bacteria by promoting extracellular electron transfer
(Fig. 2a), which is a newly discovered energy metabo-
lism process of microbes that involves the transfer of
electrons from intracellular oxidation to extracellular
reduction (Zhao et al. 2021). This process leads to energy
production and can enhance many metabolic activities of
microorganisms under anaerobic conditions (Zhao et al.
2021). Biochar possesses high electrical conductivity and
functional characteristics similar to soil redox-active
organic matter (Zheng et al. 2022). As an electron shut-
tle (Van der Zee and Cervantes 2009), biochar obtained
electrons from bacteria and then transferred these elec-
trons to electron acceptors such as iron (Fe) oxides to
enhance the reduction of the electron acceptors (Pascual
et al. 2020). It can accept electrons from bacteria, and in
specific metabolic processes, it can also accept electrons
from other bacteria, thus transmitting communication
signals between microorganisms and serving as a bridge
for bacterial communication (Zhang et al. 2019b, 2021a).
Bacterial communication is crucial in the environment
(Paquete et al. 2022), and biochar can influence bacterial
competition by absorbing or hydrolyzing signaling mol-
ecules, altering their communication (Zheng et al. 2022).

Given that the physicochemical attributes of biochar
are shaped by both its source materials and production
method, these very factors also impact its direct influ-
ence on bacteria. Aspects like pore dimensions, func-
tional groups, and pH of biochar play a pivotal role in
shaping bacterial colonization (Bolan et al. 2023). Thus,
comprehending the interplay between biochar and bacte-
ria is imperative for tailoring biochar materials that facili-
tate bacterial colonization effectively.

2.2.2 Indirectimpact of biochar on bacteria

Biochar’s indirect impact on bacteria is primarily due to
changes in living conditions (Fig. 2b). Biochar has the
ability to improve soil pH, reduce soil bulk, and increase
soil water retention capacity (Zhang et al. 2021b). These
improvements in soil physicochemical properties make
it easier for bacteria to survive. Biochar improves soil
organic C content (Guo et al. 2020), and soil C supple-
mentation improves soil bacterial abundance (Yan et al.
2022). Furthermore, the improvements in soil phys-
icochemical properties increase the fixation of HM and
other harmful soil substances, which reduces their bio-
logical impact on bacteria (Chen et al. 2021b).
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Soil enzymes are important in the decomposition and
mineralization of organic matter by microbes. As soil
enzyme activity is highly sensitive to environmental fac-
tors, it is commonly used as an indicator to assess the
impact of various factors on soil bacteria (Liao et al.
2022). Researchers reported that the sucrose and urease
in the soil are increasing considerably while increasing
the biochar dosages since the biochar application signifi-
cantly releases organic matter as well as nutrient levels in
the soil, and that facilitates suitable conditions for micro-
bial growth and enzyme activity (e.g., redox enzymes)
(Tomczyk et al. 2020; Wang et al. 2022a). A meta-analysis
revealed that biochar produced at a temperature lower
than 500 °C had a significant positive effect on activities
of nitrogen (N) and phosphorus (P) related enzymes, and
DHA enzymes (Liao et al. 2022).

Biochar integration into soils can increase soil CEC,
improving nutrient retention and promoting soil micro-
bial colonization (Wu et al. 2019). Additionally, biochar
contains various nutrients that can stimulate bacterial
growth and acts as a slow-release fertilizer, resulting in
long-term benefits for soil fertility and bacterial growth
(Zhang et al. 2020a).

2.2.3 Bacteria accelerate the aging of biochar

Biochar, which comprises mainly recalcitrant C, is
degraded very slowly by bacteria, with a reported half-life
of about 1000 years (Wang et al. 2020). However, short-
term bacterial aging of biochar can be concerning. Bac-
teria can consume unstable C (such as aliphatic C) and
contribute to organic matter dissolution from biochar
(Quan et al. 2020). For instance, ryegrass biochar decom-
posed in soil for 3.2 years showed rapid C decomposi-
tion during the first 30 days, followed by a sharp decrease
in rate (almost 100-fold) and stabilization after 90 days
(Kuzyakov et al. 2009). This decomposition of unstable
C and surface oxidation can induce physical changes in
biochar (Fig. 2c). For instance, under scanning electron
microscopy (SEM), the collapse of rice husk biochar that
had aged naturally for 3 years in the Qinghai Tibetan Pla-
teau is noticeable (Rafiq et al. 2020). Similarly, pine bark
biochar artificially aged for 10 years displays larger pores
than fresh biochar (Zha et al. 2015). Biochar aging can
also convert micropores to mesopores and increase bio-
char pore volume, as demonstrated by the N, adsorption
isotherm (Hua et al. 2020; Wang et al. 2020). This expan-
sion or enlargement of biochar pores causes a change
in specific surface area. Several studies have shown that
bacterial aging of biochar can increase its specific surface
area (Li et al. 2019), providing more binding sites for con-
taminants and making it more suitable for HM immobili-
zation and microbial colonization (Pei et al. 2021).
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During bacterial aging, biochar undergoes changes in
its chemical composition (Fig. 2d). Degradation of ali-
phatic C reduces the C content of biochar while increas-
ing its aromaticity, which accounts for the relative
stability of aged biochar (Wang et al. 2020; Zeba et al.
2022). The Fourier Transform Infrared Spectroscopy
(FT-IR) and X-ray Photoelectron Spectroscopy (XPS)
confirm that bacteria epoxidize part of the aromaticity
into oxygen-containing functional groups (e.g., carboxyl,
hydroxyl, carbonyl, etc.) on the surface of biochar (Tan
et al. 2020). This surface oxidation leads to an increase in
the CEC of biochar (Wang et al. 2020), which benefits the
fixation of HM ions and adsorption of soil inorganic min-
erals on the surface of biochar, as well as the increase in
ash content (Kapoor et al. 2022).

Overall, bacterial aging of biochar can initially increase
soil organic C and subsequently form more stable aged
biochar, which increases the inorganic nutrient con-
tent of biochar, prolongs bacterial colonization time and
improves HM immobilization for long-term soil pollu-
tion remediation (Hua et al. 2020; Zhao et al. 2020).

2.3 Ecotoxicological of biochar

To ensure the optimal selection of biochar, it is critical
to have knowledge about the biomass source used in its
production. Biochar is mainly derived from agricultural
waste through a process of calcination carried out under
low-oxygen and high-temperature conditions. However,
in the case of plant straws already contaminated with
pollutants, the resultant biochar may contain significant
amounts of HMs, polyhydroxyalkanoates (PHAs), vola-
tile organic compounds (VOCs), or other pollutants even
after calcination (Godlewska et al. 2021; Sabir et al. 2020).
Therefore, using such biochar as a remediation agent may
lead to further soil contamination.

Several studies have indicated that bacteria possess the
capability to degrade harmful substances present in bio-
char (Bolan et al. 2023). As a result, the integration of
bacteria and biochar emerges as a safer strategy for reme-
diating soils contaminated with HMs, compared to the
use of biochar alone. Nevertheless, in practical applica-
tion, elevating the dosage ratio of biochar may appear to
enhance remediation outcomes (e.g., incorporating a sub-
stantial quantity of alkaline biochar to acidic soils for swift
pH adjustment). However, this approach could result in
increased costs and potential environmental challenges.
When integrating biochar and bacteria to remediate HM-
contaminated soils, the primary role should be assigned
to bacteria. Biochar should be applied sparingly, serving
to safeguard bacterial colonization of the soil and poten-
tially enhance certain functions. Thus, it is advisable to
minimize the quantity of biochar, employing it primarily
as a supportive carrier for the bacteria.
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3 Plant-beneficial bacteria and their use

in bioremediation
3.1 Plant-beneficial bacteria
In the context of integrating biochar and bacteria to
remediate soils contaminated with HMs, our attention
pivots toward the bacteria employed to sidestep poten-
tial risks linked with excessive biochar usage. As a result,
the selection of bacterial species emerges as a critically
important consideration. In recent times, there has been
widespread utilization of plant-beneficial bacteria (PBB)
in research endeavors, either for engaging in the biore-
mediation of HM-contaminated soils or for support-
ing phytoremediation through the stimulation of plant
growth (Wang et al. 2022b). Microbes have been linked
to promoting plant growth, with certain bacteria offer-
ing either direct or indirect benefits to plants and are
referred to as PBB (Chiaranunt and White 2023). PBB
can be categorized into different types such as plant
growth-promoting rhizobacteria (PGPR), phyllosphere
bacteria, endophytic bacteria, rhizobia, and cyanobac-
teria, based on their mode of action on plants (Orozco-
Mosqueda et al. 2021). PBB can provide nutrients and
micronutrients to plants through N fixation, P and potas-
sium (K) solubilization, and siderophore production (Cao
et al. 2023). Additionally, they can produce phytohor-
mones (such as indole-3-acetic acid, cytokinin, gibberel-
lin, ethylene, and abscisic acid) that aid in faster growth
and help plants cope with stress (Ma et al. 2020b, 2022).

3.2 Role of PBB in metal bioremediation/
phytoremediation

Metal-tolerant/resistant PBB can respond to metal stress
in a specific way to achieve metal remediation in HM-
contaminated soils (Sreedevi et al. 2022; Yin et al. 2019).
Common metal-tolerant/resistant PBB species include
Bacillus sp., Enterobacter sp., Klebsiella sp., Serratia sp.,
Agrobacterium sp., Azotobacter sp., Pseudomonas sp.,
and Alcaligenes sp. (Wang et al. 2022b). Moreover, the
interaction between PBB and plants can influence each
other’s tolerance to HMs and synergistically promote the
efficiency of bioremediation or phytoremediation of HM
pollution (Fig. 3) (Ma et al. 2011; Nivetha et al. 2023).

3.2.1 Bioremediation

Bacteria, including metal-tolerant/resistant strains, are
ubiquitous in HM-contaminated soils and are frequently
used to remediate these contaminants. Diverse bacte-
ria exhibit varying levels of tolerance to different HMs.
For instance, the majority of Enterobacter and Klebsiella
strains display higher tolerance toward Cd*" and Pb*™,
whereas Agrobacterium and Rhodococcus demonstrate
robust resistance to As>* and As®*, respectively (Henao
and Ghneim-Herrera 2021). Additionally, the strategies
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Fig. 3 Role of plant-beneficial bacteria in metal bioremediation and phytoremediation. a PBB's direct action on metals includes

the following mechanisms: (1) conversion mechanism; (2) detoxification mechanism; (3) stabilization mechanism; and (4) activation mechanism.
PBB can assist plants in dealing with HM stress (Modes 1-3) and promote metal uptake by plants (Mode 4). Meanwhile, PBB can facilitate

plant protection and nutrient utilization; produce chemosensitive substances to regulate plant growth and development and protect plants

from pathogens; help plants adapt to alleviate stress, and indirectly promote phytoremediation of metal-contaminated soils (Modes 5-7). The solid
line represents the metal transfer process, while the dashed line represents the action of bacteria on metals to aid phytoremediation. Extracellular

polymer substances (EPS), heavy metals (HMs)

employed by different bacteria to counteract the effects
of HMs vary, and these variations are associated with the
functional groups on the bacterial surface and the chemi-
cals they produce (Wang et al. 2022b). Overall, many
of these bacteria have been identified as PBB (Henao
and Ghneim-Herrera 2021). The oxygen-containing
groups and amines found in the polysaccharide mucus
layer of PBB have the ability to adsorb metal ions, with
an adsorption capacity ranging from 1 to 500 mg/g (Yin
et al. 2019). EPS, such as proteins, lipids, and other mac-
romolecules, can also adsorb HMs to protect PBB (Wang
et al. 2022b), thereby immobilizing the HMs and reduc-
ing their mobility and impact on plants. When HMs pen-
etrate PBB cells, bacteria-secreted enzymes can alter the
redox state of the metals and reduce their toxicity (Yin
et al. 2019). For instance, some PBB-containing merA
genes have been shown to efficiently reduce Hg(II) to

Hg(0), with conversion rates of up to 100% (Giovanella
et al. 2016; Zhang et al. 2012).

3.2.2 PBB assisted-phytoremediation

PBB (e.g., Pseudomonas sp., Proteus sp., Streptomyces
sp., Aspergillus sp., Bacillus sp., Acinetobacter sp., etc.)
can directly or indirectly affect the phytoremediation
of HMs by releasing various metabolites (e.g., sidero-
phores, organic acids, plant growth regulators, and bio-
surfactants) (Ma et al. 2011). Phytoremediation of HMs
is often hindered by environmental stress (e.g., soil pH,
temperature, metal form and availability, essential nutri-
ent scarcity, etc.), which reduces phytoremediation effi-
ciency (Wang et al. 2022b). PBB can reduce the amount
of ethylene secreted by aminocyclopropane carboxylic-
acid (ACC) deaminase produced by plant roots, improve
plant nutrient availability, and promote the production
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of hormones that stimulate plant growth. Additionally,
PBB can also increase plant resistance to pathogenic
agents (Rostami and Azhdarpoor 2019). By increasing
the amount of plant biomass and inter-root secretions
through the above mechanisms, PBB indirectly promote
phytoremediation.

PBB directly aid phytoremediation by mobilizing or
immobilizing metals (Ma et al. 2011). They can change
the solubility, availability, and transport of HMs and
nutrients by altering soil pH, releasing chelators, solu-
bilizing phosphate, or inducing redox changes, thereby
aiding in HM phytoextraction (Ma et al. 2011; Rostami
and Azhdarpoor 2019). For instance, metal-resistant
endophytic bacteria isolated from Sedum plumbizinci-
cola were found to enhance the uptake of Cd and zinc
(Zn) by 43% and 18% in plants, respectively, while pro-
moting their growth (Ma et al. 2015). Similarly, exog-
enous arsenic-reducing bacteria have been shown to
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form biofilms on plant root surfaces, facilitating As
uptake by plants (Liu et al. 2023). In addition, PBB can
aid with HM detoxification, and endogenous PBB can
improve the phytostabilization of HMs through uptake
or redox reactions, reducing their toxicity to plants
(Wang et al. 2022b).

4 Mechanism underlying biochar-bacteria-metal
interactions

Biochar and bacteria have shown promising potential for
remediating HMs in soil, while also being environmen-
tally friendly and economically beneficial compared to
traditional physical and chemical remediation methods.
However, the practical application of using either biochar
or bacteria alone has been limited due to their relatively
low efficiency in HM remediation (Zheng et al. 2022). By
integrating biochar and bacteria, the advantages of both
can be combined, amplifying interactions with HMs. In
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Fig. 4 Mechanism of biochar-bacteria affecting metal. Extracellular polymer substances (EPS)
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Fig. 4, the mechanism of biochar-bacteria affecting metal
is summarized.

4.1 lon exchange

The ion exchange reactions of metals on biochar and bac-
teria are classified as cation exchange and anion exchange
(Qu et al. 2022a). Biochar is characterized by high
CEC and anion exchange capacity (AEC), enabling the
exchange of alkali metal ions (K*, Na*t, Ca®*, and Mg*"
mainly on the surface of biochar) with the positively
charged HMs such as Cr(III), Cd(II), Pb(II) (Qu et al.
2022a; Wu et al. 2021). Meanwhile, negatively charged
Cr(VI) can be exchanged with SO,* on the biochar sur-
face (Zhang et al. 2020b). Similarly, bacteria surfaces
also contain exchangeable ions for HMs, and immo-
bilized bacteria on biochar have greater ion exchange
ability (Huang et al. 2020). For instance, if biochar con-
sists of a high concentration of Mg ions as well as func-
tional groups capable of forming bonds with HM ions to
undergo resilient ion exchange. Hence, cation exchange
dominates the process of metal adsorption. Biochar pro-
duced from different feedstocks will have different ion
exchange capacities, with rice straw and chicken manure
biochar having higher ion exchange capacity for Cd(II)
than sludge biochar (Huang et al. 2020).

4.2 Metal immobilization

Metal cations typically act as central atoms to provide
empty orbitals and can complex with electronegative
functional groups (e.g., hydroxyl, carboxyl, phosphoryl,
and amino groups) present on the surface of biochar and
bacteria (Ahmad et al. 2018; Zheng et al. 2022). Upon
interaction with bacteria, the aliphatic C portion con-
necting the aromatic C is broken down, leading to oxi-
dation of the broken portion of the aromatic C and the
introduction of more oxygen-containing groups. This
process can enhance the complexation of metal ions
(Wang et al. 2020).

The adsorption of HM by biochar-bacteria combina-
tions is a combination of passive adsorption by biochar
and active adsorption by bacteria (Huang et al. 2020). The
higher surface charge of biochar results in electrostatic
attraction and Van der Waals forces, which are the pri-
mary modes of physical retention of biochar (Hu et al.
2021). Bacteria, on the other hand, can sequester HMs
by secreting EPS, which are primarily organic polymers
such as polysaccharides, proteins, and lipids that attach
to bacterial cell surfaces as capsules or mucus, and have a
strong ability to bind HM (Huang et al. 2020; Wang et al.
2022b). Biochar can enhance bacterial survival and pro-
mote the production of EPS, which can in turn cover the
surface of biochar and transfer HM adsorbed on biochar
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to the microorganisms via electrostatic gravitational
force with accelerated transfer (Zheng et al. 2022).

Bacterial metabolites, such as sulfur ions, phosphate
ions, and carbonate ions, can undergo precipitation
reactions with metal ions, converting toxic HMs into
non-toxic or low-toxic metal precipitates (Ji et al. 2022).
Biochar also contributes to HM precipitation by increas-
ing pH (Xu et al. 2018). However, bacterial HM precipi-
tation is influenced by nucleation sites, coexisting ions,
pH, and redox potential (Chen et al. 2021a). When exog-
enously added bacterial agents are used for remediation,
indigenous microorganisms can affect the treatment’s
effectiveness (Lin et al. 2023). The addition of biochar
can improve the bacterial survival environment, provide
redox sites, and protect the bacterial agent from indig-
enous microorganisms, thus enhancing precipitation effi-
ciency (Zhu et al. 2017). Phosphate-solubilizing bacteria
(PSB) are commonly used for HM remediation by liberat-
ing phosphate from insoluble phosphate complexes and
forming stable precipitates with HMs (Xu et al. 2019a).
When loaded onto biochar materials, PSB can handle
higher Pb(II) concentrations, thus improving treatment
efficiency (Qu et al. 2022b).

4.3 Metal detoxification

Valence alteration is frequently regarded as the primary
mechanism of the detoxification of variable valence met-
als (Xia et al. 2021). When bacteria actively take up or
adsorb HMs, redox reactions usually occur (Wang et al.
2022b). For instance, Alishewanella sp. WH16-1 can
reduce Se(IV) and Cr(VI) to Se(0) and Cr(IIl) nanopar-
ticles, respectively (Xia et al. 2018), while Pseudomonas
sp. B50A can effectively reduce Hg(Il) to Hg(0) (Gio-
vanella et al. 2016). The hydroquinone functional groups
and persistent free radicals on the surface of biochar can
reduce Cr(VI) to Cr(III) and adsorb it on the biochar sur-
face, respectively (Zhang et al. 2019a). Biochar provides
a safe haven for bacteria to perform their detoxification
function even in a high-HM environment, and the per-
sistent radicals on the surface of biochar can act as elec-
tron shuttles to promote the redox of HMs by bacteria
(Narayanan and Ma 2022). Furthermore, wheat straw
biochar can stimulate the heterotrophic iron-reducing
strain Shewanella oneidensis MR-1 to produce Fe(II) and
immobilize it on the biochar surface for the removal of
Cr(VI) (Liu et al. 2021). Other than the valence changes,
the chemical form changes of some heavy metals are of
interest. For example, environmental microorganisms
are able to convert inorganic As into organic As, which is
further converted into volatile substances and reduce the
As content in soils.
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Altering the bioavailability of HMs is another impor-
tant mechanism for HM detoxification induced by bio-
char-bacteria combinations. Cheng et al. (2020) found
that combining rice husk biochar with Serratia liquefa-
ciens CL-1 reduced soil Cd and Pb availability by 57% and
27%, respectively, which was twice as effective as using
biochar or bacteria alone. Another study by Ma et al.
(2020a) showed that coconut shell biochar and Bacillus
sp. TZ5 decreased the proportion of acetic acid-extract-
able (HOAc-extractable) Cd in soils. Inoculating Pseu-
domonas NT-2 on biochar as shown by Tu et al. (2020)
decreased the proportion of soil-exchangeable Cd and
carbonate-bound Cu by 12.82% and 26.55%, respectively,
reducing the plant availability of HMs.

4.4 Metal mobilization

The mobility of HMs in soils is considered a crucial factor
influencing plant extraction efficiency (Ma et al. 2016).
Bacteria have the ability to produce various organic acids
(such as acetic acid, citric acid, malic acid, and gluconic
acid), siderophores, and surfactants that can chelate with
HMs, thereby enhancing their biological effectiveness
(Wang et al. 2022b; Wu et al. 2019). Additionally, certain
bacteria (e.g., Bacillus sp., Pseudomonas sp., Escherichia
sp., Methylobacterium sp., Berknolderia sp., etc.) can
facilitate the methylation of HMs such as Hg, Pb, and Se,
and release them through volatilization (Bali and Sidhu
2021).

Bacterial HM mobilization frequently involves electron
transfer, by which biochar can facilitate this transfer by
acting as an electron shuttle (Zheng et al. 2022). Biochar
produced from rape straw has been shown to improve
the mobility of Se and Cd in soils by increasing bacterial
Fe reduction (Lyu et al. 2022). In addition, biochar has
been shown to protect Serratia sp. SNB6 from Cd while
encouraging the growth of the metal hyper-enriched
plant Chrysopogon zizanioides L., thereby enhancing the
phytoextraction of Cd in soils with elevated Cd concen-
trations (Wu et al. 2019).

Generally, the adsorption of HMs by biochar can be
attributed to a combination of the biochar’s physicochemi-
cal properties, the type of feedstock used, the processing
techniques applied, and the influence of bacteria on enhanc-
ing these physicochemical characteristics. Bacterial involve-
ment in HM interactions might experience decreased
efficiency due to HM-induced stress, while the assistance of
biochar helps alleviate this stress. The joint action of biochar
and bacteria may play a more prominent role in facilitating
phytoremediation through HM mobilization and detoxi-
fication. However, forthcoming research should prioritize
clarifying the long-term durability and survivability of bio-
char-bacteria complexes in soil environments to establish
their sustained impact on HM immobilization.
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5 Implementation of biochar and bacteria

for sustainable remediation
Through network analysis of keyword co-occurrence
using VOSviewer as shown in Fig. 1a, we identified 2318
articles published within the last five years under the
theme of biochar and bacteria. The research in this field
has primarily focused on modern agriculture, with sus-
tainable remediation (particularly immobilization and
transformation) of heavy metals being a current research
hotspot (Fig. 5).

The success of the integrated biochar and bacterial
approach to soil remediation is often dependent on the
mechanism of biochar-bacteria action on HMs (Table 1),
with bacteria playing a particularly crucial role. For farm-
land contaminated with HMs, ceasing tillage can lead
to significant economic losses, and the severity of HM
contamination depends largely on its biological effects
on crops. Therefore, adding biochar-bacteria combina-
tions to immobilize HMs in farmland and reduce their
biological effectiveness has become an attractive option
(Qu et al. 2022b). Biochar-bacteria combinations have
been shown to reduce metal accumulation in crop edible
parts while improving crop quality (Cheng et al. 2020;
Ma et al. 2020a; Sabir et al. 2020). For agricultural land,
on the one hand, the concentration of HM is low, and on
the other hand, the high cost limits the use of biochar.
However, the current research is relatively high-volume
for biochar use, which makes it difficult to be promoted
on agricultural land. The amount of biochar used should
be reduced, and the process of integrating biochar and
bacteria should be simplified in order to reduce costs.
For mine or site contamination, the focus is more on the
biochar-bacteria combinations for the transformation
of HMs or supporting phytoremediation for long-term
removal. In a potting experiment, the Cr-reducing bacte-
rium Bacillus cereus WHX-1 was immobilized on biochar
added to Cr-contaminated soil, resulting in the conver-
sion of 94.22% of Cr(VI) to Cr(III) (Chen et al. 2021b).
Combining biochar and PSB can increase microbial
abundance in Pb/Cd contaminated soils in mining areas
and significantly increase the acid-soluble fraction of Pb/
Cd by 5 and 14 times, respectively (Lai et al. 2022). Bac-
teria-loaded biochar can also enhance the phytoreme-
diation process when carefully designed and thoughtfully
applied (Harindintwali et al. 2020). The biochar-PGPR-
accumulator system formed by loading biochar with Ser-
ratia sp. SNB6 and C. zizanioides L. has been shown to
effectively increase soil HOAc-extractable Cd content
and metal phytoextraction in Cd-contaminated soil (Wu
et al. 2019). In addition to the type of land used for HM-
contaminated soils, the physicochemical properties of
the soil are also important to consider when using inte-
grated biochar and bacteria for HM-contaminated soils.
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Biochar-bacteria combinations can be used to remediate
acidic and saline soils (Kari et al. 2021; Liang et al. 2023),
but it depends on what kind of biochar and what kind of
bacteria are combined. Pyrolytic biochar is alkaline and
is often used to remediate acidic soils, while hydrother-
mally prepared biochar is acidic and can be used to reme-
diate saline soils. Regardless of how heavy metals are
treated, it is worth noting that the combination of bio-
char and bacteria can improve the soil environment by
adjusting soil pH and capacitance, increasing soil organic
C content, nutrient and enzyme activity, and increasing
soil organic C content (Gou et al. 2023), making it a sus-
tainable soil remediation agent.

Aside from bacterial selection, the choice of biochar raw
material also affects the efficacy and mechanism of HM
remediation by biochar-bacteria combinations Huang et al.
(2020) conducted a study using various biochar materials
loaded with B. cereus RC-1 to immobilize Cd. They found
that the predominant mode of Cd immobilization by bio-
char made from rice straw and chicken manure loaded
with bacteria was ion exchange, whereas the mode of Cd
immobilization by sewage sludge biochar loaded with Cd
fixation by bacteria was mainly complexation, resulting in
much lower efficiency compared to the former two groups.

Furthermore, how bacteria and biochar are combined
is an important factor to consider in order to improve
the effectiveness of the hybrid material and achieve

commercial production. The process of immobilizing
bacteria onto biochar can be done in a number of ways,
including adsorption, electrostatic interactions, and
covalent binding to allow bacteria to attach to the sur-
face and within the pores of the biochar, while stabiliz-
ers such as alginate can also coat the biochar and bacteria
for the production of biochar-bacteria composites (Bolan
et al. 2023). The different ways of integrating biochar and
bacteria will bring about different remediation effects
on HM-contaminated soils. Chen et al. (2021b) dem-
onstrated that the composite material, which combined
Bacillus sp. WHX-1 and biochar converted Cr(VI) to
Cr(III) at a 12.8% higher rate compared to directly adding
equal amounts of bacteria and biochar in Cr-contami-
nated soils. Refinement of biochar-bacteria combinations
can also yield more efficient and targeted materials. For
instance, Wang et al. (2021a) showed that modification
of biochar-bacteria combinations with Fe;O, resulted
in superior Cd remediation performance in paddy soil
compared to unmodified materials. Similarly, Qu et al.
(2022b) improved the efficiency of Pb elimination by over
3 times by loading carboxymethyl cellulose and FeS onto
biochar-PSB. It is worth mentioning that while complex
processes can lead to better restoration results, they also
tend to be more costly. It is very important to design
cheaper and more efficient biochar-bacteria combina-
tions according to the actual situation.



Page 13 of 19

(2023) 5:63

Ouyang et al. Biochar

| %0¢C1
19184 D119YUAs010Ud

| %SY -MAd

| %9¢
19181 D313YIUASOI0Ud

L %S 1M

| %vL
:91e4 D119YuAsol0y

(0207) 'e 12 1iqeS | %8¢ -Md

L %CE -MAd

V%S -Md

(0207) ‘e 3 buayd

¥ %6 -Md

| %6¢€L -MAd

1 %01 -Md

(1207) e 19 2p1UwIS V%L -NMAd

sndpu b2isspig /

1 %051 ‘| %6¢ 2Us1U0D
suldsaind pue Jsnew
Jjuebhlo |10s a1aydsoziyy

1 %6 e 91| JU21UOD
aujdsaind pue Jsnew
o1uebio |10s alaydsoziyy

1 %8| %5 2U21U0d
8gl-lewng  aupsannd pue Janew
T wnapsap wnaiiy  dluebio jios a1aydsoziyy

|esanau 01 Hd |10s 1snlpy
L %SCL DOL 10S

Hd |10s uo duUaN Ul ON
1 %61 DOL [10S

|esanau 01 Hd |10s 1snlpy

bublpyl sisdopiqoly 1 %€8 DOLI10S

uoneosyixoled

uonezijigoww|

uonezijigowul|

1 %99 "t %01 100ys pue
1001 1ue|d Ul JUs1U0d PO
1 %97 -P2 [10S
1 %95 "t %EC 00Ys pue
1001 1ue|d Ul JUSIU0d PO
1 %8¢ -PD 110S
1+ 9%VbS " 9%/ L 100ys pue
1001 1ue|d Ul 1UU0d PO
1 %G1 :PD |10S

4 %SG 4 %Gt USIU0D
qd 'pD utesb 183y

1 9%LC

"+ %.S qd '‘PD 9|qe
-|leAe 10s a19ydsoziyy
1 %LT 't %P HUSIUOD
qd ‘pD uleb 1y
1%L

"M 9%/€ :qd 'PD 3|qe
AR |10 2194dsoziyy
1 %ST "t %/ FUSIUOD
qd 'pD ureib 1eaypn
1%L

"+ %¢€ ‘qd 'PD 9(qe
-|leAe |10 219ydsoziyy

1 %8¢

;ue|d U 3UIU0d gd

1 %56 41em

210d |10S Ul JUSIUOD gd

1 %EL

;ueld Ul JUIU0d gd

A %€ U31eM

210d |10S Ul JUDIUOD gd

1 %S¢

;ueld Ul UIu0d gd
1918 U21em

210d |10S Ul JUSIUOD qd

/LN 'ds 42100qoI01u7

LINW ‘ds sappqoseiug

L-1D suappjenbiy s

11D suapganby S

'ds snjjioog

'ds snjjioog

91sem d|nd pue Jadeq

a1sem dind pue Jadeq

SNy 21y

3Ny 21y

SSeWOIq POOMPIRH

SSeWOIq POOMPIRH

ymmoub

S9OU349)9Y u:m_Q uo 1d9y3

Ayadoad
jueld ]10s uo 1333

sjeldw Aneay
Yiim uondesalu|

Juaju0d
|ezaw AAeay uo 13y3

elaloeg

Jeydoiq 104 3>03spaa

uoneIpawal0lAyd,/uoiieIpawalolq [elau Ul SUOIeUIqUIOD BlIS1de]-1eYd0Iq JO 3|0y | djqeL



Page 14 of 19

(2023) 5:63

Ouyang et al. Biochar

[043U0D 3Y) Y1IM pasedWod 2I9M (1) SISEIIDBP Pue (|) SaseaIdUl ||y "uogied dluebio [e101 DO Wb1am Aip M@

1 9%TE
" %t ‘| %0LE AuAdR
oSelIoAUl pue ‘aseain

| %955

AR e ‘aseuaboipAyap |10S :uofie|nuwINd2e pd Jue|d 9gNs ‘ds pipias MBIIS 1B3YAA
| %0¢
" %55 | %PiE SAunoe
9SP1I9AUI pue ‘aseain 1 %0¢¢E
1 %vZ :Ma ‘aseuaboipAyap |10S :uolie|nuINDo2e po) Jue|d 9gNS “ds pipLas /
L %v |
%61 "} %561 AuAnde
7 35PLISAUI pUE ‘Bsealn 1%/
(6102) 1212 NAA 1 %81 :MA  Saplolupzizuobodoskiy) ‘aseuaboipAyap |10S UONeZI|IGO\  :UOIIB|NWNIEe P 1Ue|d / MBIIS 1B3YAA
1%Ly
1001 Jue(d JO JU23U0D 1D
1 %60¢ D0L (114> ot pawiioy
1 %/21 :Ma 1 9%/ AIsusp yIng -suel sem (IA)1D JO %16 -XHM Sna1a>°g  piagyijoid bydiowosaiug
1 %9
1001 Jue(d JO JU21U0d 1D
| %65 D0L (114> ot pawiioy
V%L M 1 %G Ausuap ying -SUel] SeM (JA)ID JO %cL L-XHM snaiao°g /
1 %6¢
1001 Jue(d JO JUS3U0d 1D
L %€61 DOL uonezliq (14> Ul pawioy
(91z07) e 12 uayD 1 %88 :Ma auuaiad wnijo] 196 A1ISUSPYING  -OWIWI| ‘UONBULIOJSURI|  -SURIY SBM (]A)ID JO 918 /  pi3jijoid pydiowiosaiug
L %ELL %SG L %YOE
:AiAnoe aseain pue 1 96 AUSIUOD PO 1Ue|d
‘asereydsoyd pioe 1%L 1 PD 3|ge1denxa
1 %8/ :Ma ‘aseusboipAyap 105 -OYOH Jo uoniodoid 671 ds snjjioog [9YS INU0D0D
L %ES L %LL | %66
:AuAnoe aseain pue A 96 € AUSIUOD PO 1Ue|d
‘asereydsoyd ppe 1 %9 :PD 3|grIdRIXS
1 %y :Ma ‘aseusboipAyap 105 -OYOH Jo uoniodoid 671 ds snjjioog /
L 9%LE ", WEE | %BYL
:AyAnoe 3seain pue A 96¢T AUSIUOD PO 1Ue|d
‘asereydsoyd ppe uonel 1 % :pD 3|geIdeIXS
(e0Z0T) e 12 BN 1%L :Ma auuaiad wnijo] ‘aseusboipAysp |los  -1ddaid ‘uonesyixoiag -OYOH Jo uoniodoid / [2YS INU0D0D)
ymmoub Kuadoud sjelaw Aneay JUaU0D
EERIVEYETEN| jue|d uo 1day3 jueld ]10s U0 13943 YHM uondeiau|  [elsw AAeay uo 139))3 eldldeg Jeydolq 10j }>01Spas4

(PanupuOd) 1 3jqey



Ouyang et al. Biochar (2023) 5:63

In Table 1, both biochar and bacteria independently
exhibit some capability for remediating HM-contami-
nated soils. When comparing their individual remedia-
tion efficiencies, biochar predominantly assumes a major
role in immobilizing metals within the biochar-bacteria
context, while bacteria are more instrumental in facilitat-
ing metal detoxification and mobilization. Nonetheless,
regardless of the metal interaction mechanism, the inte-
gration of biochar and bacteria consistently enhances the
overall remediation effectiveness. Among the enhance-
ments observed in soil physicochemical properties, bio-
char primarily elevates soil total organic carbon (TOC)
levels and reduces bulk density, whereas bacteria pri-
marily enhance soil enzyme activities. However, the
question arises: Is there an optimal ratio between bio-
char and bacteria? Wang et al. (2021b) used software
simulation to determine that a 1.1:1 (w/w) ratio of straw
biochar to Bacillus sp. K1 yielded maximum Cd adsorp-
tion capacity. Nevertheless, there remains an unexplored
area regarding whether a reduction in biochar usage
still maintains the efficacy of the biochar-bacteria com-
bination and at what critical threshold this occurs. The
reduction of biochar quantity remains imperative due to
economic and environmental considerations. Leverag-
ing bacteria as cost-effective remediation agents (Henao
and Ghneim-Herrera 2021) while employing minimal
amounts of biochar to shield bacteria from soil coloniza-
tion and potentially enhance their functions, appears to
be a promising strategy for the integration of biochar and
bacteria in a remediation framework.

6 Conclusion and prospects

The potential mechanisms and broad applications of
biochar-bacteria combinations in HM bioremediation/
phytoremediation are extensively discussed in this paper.
A comparative analysis of the effectiveness of employing
biochar and bacteria alone or in combination for reme-
diating HM-contaminated soils reveals distinct primary
remediation mechanisms for each approach. However,
the interaction between biochar and bacteria enhances
the efficacy of both in metal remediation, as biochar
improves soil physicochemical characteristics and sup-
ports microbial populations by providing nutrients and
shelter. The resulting biochar-bacteria-metal interac-
tions create conditions for these composites to be used
as remediation agents for soil contaminated with HMs,
providing the possibility of long-term remediation. How-
ever, practical applications require careful consideration
of certain factors:

1) Integrating biochar and bacteria to remediate HM-
contaminated soils has been proven effective. How-
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ever, the dosage and addition methods used are still
vague, and many experimental studies involve mix-
ing large doses of biochar and bacteria directly into
the soil. Such techniques are clearly not suitable for
large-scale replication, and the use of large amounts
of biochar may bring unaffordable costs or even
secondary contamination. Therefore, it is necessary
to investigate the safety of using biochar-bacteria
combinations, consideration should also be given
to reducing the amount of biochar and designing a
more efficient remediation agent.

2) The use of agricultural waste as the raw material for
biochar production poses a challenge in controlling
the consistency of feedstock components, leading to
variations in the properties of different batches of
biochar during mass production. This inconsistency
can hinder the mass production of biochar-bacteria
combined agents.

3) In order to facilitate the practical use of biochar-bac-
teria combinations in mass production, it is impor-
tant to consider their shelf life and stability, given the
need for long-term transportation and storage. Fur-
thermore, the stability of the combinations should
also be a key consideration for future studies. Chang-
ing the way of integrating biochar and bacteria, or
even making them into remediation agents with sta-
bilizers such as alginate, would be a good decision for
their commercialization.

4) To utilize biochar-bacteria combinations in natu-
ral environments, their stability in such conditions,
including extreme weather, drought, and salinity
must also be taken into consideration. At the same
time, the effectiveness of remediation in the case of
complex pollution needs to be investigated.

Minimizing biochar consumption stands out as a prime
strategy to enhance the economic viability and environ-
mental sustainability of biochar-bacteria amalgamations.
Future research should place increased emphasis on
investigating the intricate interplay between biochar and
bacteria. When ascertaining the optimal ratio between
biochar and bacteria, the focus ought to shift from the
singular goal of maximizing HM remediation to prioritiz-
ing the achievement of the utmost returns. Additionally,
there is potential for exploring modified biochar variants
that exhibit heightened stability and improved capacity
to enhance bacterial functionalities.
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