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Biochar is an ideal microbial carrier due to
its properties favoring microbial life. Biochar- microbial
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char promotes microbial colonization. Formulations
Biochar-based inoculants enhance plant
growth even in hostile environments.
Biochar-immobilized microbes help in the
remediation of contaminated soils.
Biochar replaces commercially used non-
renewable microbial carrier substrates.
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ARTICLE INFO ABSTRACT

Editor: Daniel CW Tsang Biochar can be an effective carrier for microbial inoculants because of its favourable properties promoting microbial
life. In this review, we assess the effectiveness of biochar as a microbial carrier for agricultural and environmental ap-

Keywords: plications. Biochar is enriched with organic carbon, contains nitrogen, phosphorus, and potassium as nutrients, and

biochar

has a high porosity and moisture-holding capacity. The large number of active hydroxyl, carboxyl, sulfonic acid
group, amino, imino, and acylamino hydroxyl and carboxyl functional groups are effective for microbial cell adhesion
and proliferation. The use of biochar as a carrier of microbial inoculum has been shown to enhance the persistence,
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survival and colonization of inoculated microbes in soil and plant roots, which play a crucial role in soil biochemical
processes, nutrient and carbon cycling, and soil contamination remediation. Moreover, biochar-based microbial inoc-

ulants including probiotics effectively promote plant growth and remediate soil contaminated with organic pollutants.
These findings suggest that biochar can serve as a promising substitute for non-renewable substrates, such as peat, to
formulate and deliver microbial inoculants. The future research directions in relation to improving the carrier material
performance and expanding the potential applications of this emerging biochar-based microbial immobilization tech-

nology have been proposed.

Contents

1. Introduction . . . . . . . ..o e e e e e e e e e e e 2

Synthesis and characteristics of biochar . . . . . . . . . ... L 0L e e e e e e e 3
3. Immobilization of microbes in biochar. . . . . . . . . L L oL 0L s e e e e e e e 6

3.1.  Microbial immobilization processes. . . . . . . . . . . . L L Lt e e e e e e e e e e e e e e e e e e 6

3.2.  Factors affecting immobilization . . . . . . . . L L 0L L Lo e e e e e e e e e e 7

3.3.  Modification of biochar for enhanced microbial immobilization . . . . . . . . . . . . . ..o oL Lo 8
4. Agricultural application of microbial-immobilized biochar . . . . . . . . . . ... L 0oL e 8
5 The utilization of microbe-immobilized biochar for environmental purposes . . . . . . . . . . . . L L oL 0o e e e e e e e e 9
6.  Economic feasibility and unintended consequences of the application of microbial-immobilized biochar . . . . . . . . . . . . . . ... ... 12
7. Summary and conclusions . . . . . . . L. oL Lo o e e e e e e e e e e e e e e e s 14
CRediT authorship contribution statement . . . . . . . . . . . . . L L Lo e e e e e e e e e e e e e e e e 15
Data availability . . . . . . . . L oL L e e e e e e e e e e e e s 15
Declaration of competing interest . . . . . . . . . . . ..ot e e e e e e e e e e e e e e e e e e e e e e e e 15
Acknowledgement . . . . . . .. L L L Lo e e e e e e e e e e e e e 15
Appendix A. Supplementary data . . . . . . . oL L Lo e e e e e e e e e e e e e e e e e e e e 15
References . . . . . . . . L L e e e e e e e e e e e s e e e s 15

1. Introduction

Biochar-based soil amendments are produced through the pyrolysis of
various carbon-based biowastes, such as woody biomass, crop residues, ani-
mal carcasses, and biosolids (Wu et al., 2021a). During the pyrolysis process,
organic matter is broken down into syngas, bio-oil, and biochar, which serves
as a stable carbon repository for soil amendment (Woolf et al., 2010; Wang
et al., 2021; Liu et al., 2022a, 2022b). However, biochar has evolved beyond
its initial purpose and offers multifaceted applications in agriculture and en-
vironmental remediation (Bolan et al., 2022a, 2022b). As a soil conditioner,
it can improve soil properties, processes, and health, thereby enhancing pro-
ductivity (Palansooriya et al., 2019; Wang et al., 2020a).

Additionally, as organic feedstocks are required for biochar synthesis, it
provides a nutrient source for agricultural and horticultural production
(Khadem et al., 2021; Hossain et al., 2021). However, the availability of
nutrients in biochar is highly dependent on the feedstock and production
process, with negligible available nutrients for most woody feedstocks used
for carbon sequestration (Shaheen et al., 2019; Li et al., 2019a; Hossain
et al., 2021). Enriched biochar, however, can serve as a nutrient source and
microbial carrier for soil application due to its highly porous nature, which
increases the carrying capacity of these nutrients and microbes (Ajeng
et al., 2020; Khadem et al., 2021). Farmers have also utilized biochar feed
supplements to enhance livestock nutrient intake, health, and economic
value (Man et al., 2021).

The increase in porosity and thus surface area during pyrolysis, coupled
with its affinity for organic and inorganic solutes, also allows for the use of bio-
char as a potential amendment for the remediation of soil and water contam-
inated with organic and inorganic contaminants (Lu et al., 2020; Chen et al.,
2022). The alternative use of biochar as a highly porous and carbon-rich ma-
terial provides an option in place of traditional carbon-based catalysts (Yang
et al., 2022). This porosity and surface chemistry enables the function of bio-
char as a carbon sink to help capture and store greenhouse gas (GHG) emis-
sions. Additionally, by modifying the surface properties of biochar, its ability
to act as a greenhouse gas sink and catalyst can be enhanced (Lyu et al., 2022).

Several studies have shown that biochar is an effective carrier for micro-
bial inoculants due to its favourable properties that promote microbial life

and enable them to resist external environmental changes, which is benefi-
cial for improving their activity in degrading organic contaminants (Zhang
etal., 2013; Tu et al., 2020; Zhang et al., 2022). The excellent physicochem-
ical properties of biochar enable the immobilization of bacteria on its sur-
face, leading to the removal of organic contaminants (Zhang et al., 2013;
Tu et al., 2020). With its high porosity and specific surface area, biochar
can provide living space for microorganisms (Zhang et al., 2022).

Features of biochar that favor microbial habitation include vast amounts
of organic carbon, nutrients including N, P, and K, increased porosity, and
high water-holding capacity (Li et al., 2019b; Wu et al., 2021b). Microorgan-
isms introduced with biochar allow for increased rates of survival and, thus,
improve microbial integration and proliferation in the soil and plant
rhizosphere (Azeem et al., 2021). These soil microbes are necessary to im-
prove soil health and mediate carbon and nutrient cycles, soil biochemical
processes, and remediation of contaminated soils (Palansooriya et al.,
2019). Biochar-based inoculants have been found to be effective in enhanc-
ing plant growth and remediation of soil contaminated with organic contam-
inants (Tu et al., 2020). These studies illustrate the potential of biochar to
formulate microbial inoculants. It could contribute successfully as a replace-
ment for other commercially used non-renewable substrates, such as peat, re-
gardless of the inhospitality of the environmental matrix.

Several reviews have focused on applying biochar on a case-by-case
basis, including carbon sequestration, soil conditioning for remediation of
contaminants, greenhouse gas emissions reduction, and catalytic perfor-
mance (Bolan et al., 2022a, 2022b; Wu et al., 2021b). However, the major-
ity of these reviews concentrate on the production, characterization, and
engineering of biochars, as well as their utilization for specific purposes
(Albert et al., 2021; Basak et al., 2022; Gao et al., 2022). The reviewed
topics primarily focus on renewable energy and environmental remedia-
tion, with applications such as contaminant adsorption, precursors of
catalytic functions, and electrochemical energy storage substrates (Cheng
et al., 2017; Li et al., 2022a; Qiu et al., 2022). For instance, Wang et al.
(2022c) conducted a systematic review of engineered biochars' synthesis,
characterization, engineering, and potential value for different environ-
mental applications, including soil remediation, carbon storage, organic
waste composting, contaminant removal from water and wastewater
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sources, as well as their applications as catalysts, activators, and electrode
composites.

Despite the increasing use of biochar as a nutrient, moisture, and micro-
bial carrier (Ajeng et al., 2020; Dong et al., 2020; Wong et al., 2022), there
is little published information about the application of biochar-based mi-
crobial inoculants in agricultural and environmental applications. Although
several reviews have covered the environmental application of biochar con-
cerning soil and water remediation and carbon storage (Kookana et al.,
2011; He et al., 2017; Novak et al., 2016; Vithanage et al., 2017,
Rajapaksha et al., 2016; Bolan et al., 2022a, 2022b; Lu et al., 2020; Qiu
et al., 2022), there have been limited reviews on the value of biochar as a
microbial carrier (Egamberdieva et al., 2018; Wu et al., 2022; Ajeng
et al., 2020; Li et al., 2022a, 2022b). These reviews mainly focused on ei-
ther the agricultural application (Ajeng et al., 2020; Egamberdieva et al.,
2018) or environmental remediation (Wu et al., 2022; Li et al., 2022a,
2022b) of biochar-based microbial inoculants. The present review proposes
to fill knowledge gaps about the increasing application of biochar-
immobilized microbial inoculants for enhancing nutrient cycling, soil
health and remediation of soil contamination. This information is essential
for developing guidelines for optimizing feedstock and pyrolyzing
conditions for producing biochar suitable to immobilize microbes and the
beneficial application of biochar-immobilized microbes for agricultural
production and soil remediation. Moreover, improved knowledge about
biochar synthesis and modification for utilizing biochar as a microbial car-
rier will benefit the circular economy of waste management industries in
promoting biowastes for biochar synthesis. Future research priorities for
sustainable biochar management as a microbial carrier are also proposed.

This review comprehensively examines the effectiveness of biochar as a
carrier for microbial inoculum in agricultural and environmental applica-
tions. The primary objective is to provide a comprehensive overview of the
current understanding of the immobilization processes of microbes on bio-
chars, including the mechanisms and factors involved in the process. Addi-
tionally, this review covers the various environmental and agricultural
applications of biochar-immobilized microbial inoculants and the potential
unintended consequences of such applications. Data from the literature
were obtained from databases of Web of Science, Scopus, and Pubmed and
screened following the PRISMA guideline. Search terms and a flow diagram
of literature screening are provided in SI (Text S1, Fig. S1). Literature were
then visualized via VOSviewer (version 1.6.19) (Fig. 1). It was found that
the number of publications in this field of biochar as a carrier has grown rap-
idly in the last 10 years (Fig. 1). Major topics include utilization of microbial-
immobilized biochar for nutrient delivery and crop yield improvement, the
role of colonized Arbuscular mycorrhizal fungi in agricultural applications,
and use of these novel amendments for bioremediation (Fig. 1). A detailed
discussion on these topics is provided in the following sections.

2. Synthesis and characteristics of biochar

Biochar is a carbonaceous material derived from thermal conversion
under oxygen-limited conditions (Hou, 2021a, 2021b; IBI, 2015). Via
heating the biomass feedstock under an optimum temperature (pyrolysis
temperature) for a certain time (residence time) with an optimum temper-
ature elevation rate (heating rate), biochar as the solid product can be
obtained along with its byproducts, bio-oil, and syngas. Typically, the bio-
char yield falls within 30 % ~ 60 % (Al-Rumaihi et al., 2022; Elkhalifa
et al., 2022). Owing to its sustainable production from a broad array of
waste materials, biochar is globally-available and does not need to be
mined, two critical drawbacks of the two commercially used carriers, peat
and vermiculite (Herrmann and Lesueur, 2013; Schoebitz et al., 2013).

A variety of biomass feedstocks have been reported to fabricate biochar,
including crop residues (such as wheat straw and rice husk), wood chips,
grass, bone, manure, digestate, and sewage sludge (Alkurdi et al., 2019;
Bruun et al., 2022; Li et al., 2022a, 2022b; Wang et al., 2022c). Thermal
conversion can also be achieved via different methods, including slow py-
rolysis, fast pyrolysis, or hydrothermal carbonization (Wang et al.,
2020c). Slow pyrolysis is typically achieved via heating the biomass at
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300- 700 °C at a heating rate of 0.1- 10 °C/min; it is the most widely
used approach to fabricate biochar (Li et al., 2022a; Manya, 2012; Wang
et al., 2020a). Fast pyrolysis refers to the process where biomass feedstock
is heated at a much higher heating rate (over 10 °C/min), thus favoring the
generation of bio-oil and syngas instead of the solid product biochar (Butler
etal., 2011; Kostetskyy and Broadbelt, 2020). Hydrothermal carbonization
refers to the process of thermally converting biomass at 180- 240 °C under
subcritical water pressures. Its product is hydrochar, exhibiting distinct
physicochemical properties compared to pyrolyzed biomass (Liu et al.,
2021; Zhang et al., 2019a; Padhye et al., 2022). For comparison among
these feedstocks and thermal conversion methods, readers are referred to
Al-Rumaihi et al. (2022) and Kambo and Dutta (2015).

The physicochemical properties of the resulting biochar vary greatly.
Firstly, the porous structure of biochar is a key factor determining its perfor-
mance in environmental applications. A high specific surface area favors
physical adsorption of microbes including bacteria via van der Waals inter-
actions (Tran et al., 2017). This adsorption mechanism is rather weak com-
pared to chemisorption; however, it is a nonspecific adsorption mechanism
responsible for the adsorption of bacteria and various contaminants on bio-
char surfaces (Sizmur et al., 2017; Zhang et al., 2020a).

A number of properties including surface area, surface charge, porosity,
functional groups and pH of biochar can influence of adsorption of mi-
crobes including bacteria by biochar during the microbial immobilization
process to produce microbe-enriched biochar products for agricultural
and environmental applications. One can take standard biochar produced
from a UK biochar research center as an example. Their specific surface
areas range from 7.3 to 162.3 mg/g, which are much lower than those of
activated carbon (Yang et al., 2022). However, extensive research has dem-
onstrated that biochar materials possessing surface areas within the above
range are suitable for a plethora of applications (Atinafu et al., 2020;
Dissanayake et al., 2022; Shen et al., 2017b; Vikrant et al., 2020).

Quantitative analysis of surface area values of different biochars has sug-
gested that a plant feedstock, along with a high pyrolysis temperature, pro-
duces biochar with the highest surface area (Wang et al., 2020c). It is also
noteworthy that biochar is often a micro- or mesoporous material, with the
majority of its pores below 50 nm. A quantitative analysis of a biochar's po-
rous structure suggested that the micropore volume of biochar typically
ranges from 0.012 to 0.060 cm® g~ ! with a mean value of 0.024 cm® g~ !,
whereas the mesopore volume ranges from 0.007 to 0.020 cm® g~ ! with a
mean value of 0.009 cm® g~ . The percentage of micropores falls within
12.1- 58.0 %, whereas the mesopore figure is 18.9- 31.7 % (Leng et al.,
2021). Several attempts have been made to produce hierarchical biochars
to improve their porous structures further. A 3D interconnected porous struc-
ture with micropores, mesopores, and macropores is the distinct characteris-
tic of hierarchical biochar (Cuong et al., 2021).

Surface charge is another crucial parameter affecting the environmental
performance of biochar. In particular, its affinity towards charged surfaces,
including living microorganisms, is important. When the pH of soil pore
water is below the point of zero charge (pHpzc), biochar carries a positive
charge, and vice versa (Mia et al., 2017; Silber et al., 2010). An elevation
of pyrolysis temperature leads to higher pHpzc, and the resulting biochar
is less negatively charged under the same soil pore water condition
(Banik et al., 2018). This is also attributed to the disappearance of
negatively-charged functional groups with higher pyrolysis temperatures.
Harvey et al. (2012) provided a molecular understanding of biochar surface
charge formation using two-dimensional perturbation-based correlation in-
frared spectroscopy (2D-PCIS). They concluded that the disappearance of
O-H~O type hydrogen bonds, hydroxyl oxidation to carboxyl below
500 °C, and the dehydrogenation/dehydroxylation of carboxyl over
500 °C lowered the surface charge negativity of biochars at high tempera-
tures (Harvey et al., 2012). It is noteworthy that under typical soil pH
values, biochar surfaces are typically negatively charged (as revealed by
negative zeta potential values) (Fang et al., 2014; Yuan and Xu, 2011).

The aromaticity and carbon stability of biochar are crucial factors in de-
termining whether soil microorganisms can readily use biochar (Hou,
2021a, 2021b, 2022; Steinbeiss et al., 2009). Biochar carbon is believed
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Fig. 2. SEM photomicrograph of bacterial colonization on the surface of biochar.

to be much more recalcitrant than native organic matter in the soil, taking
hundreds to thousands of years to reach full mineralization. The recalci-
trance of biochar to mineralization is a function of its ultimate properties
as well as its pyrolysis temperature. Lehmann et al. (2021) recently sug-
gested that the majority of biochars with H/C, < 0.5 exhibited a carbon
persistence of over 50 % after 100years, with the average value being
82 %. Higher pyrolysis temperature generated more aromatic moieties
that are much harder for soil microorganisms to metabolize (Keiluweit
et al., 2010; Lehmann et al., 2021). Long-term field trials have also shown

that biochar may not be a suitable habitat for the colonization of native
soil microorganisms (Quilliam et al., 2013a). The higher lignin content of
the biomass feedstock results in higher aromaticity and carbon stability
(Chen et al., 2022; Jing et al., 2022). Therefore, the half-life of wood bio-
chars is much longer than other biochars (Spokas, 2010).

The abundance of surface functional groups is another important
characteristic of biochar, useful for environmental remediation. Various
oxygen-containing functional groups, such as hydroxyl, carbonyl, and
carboxyl, and nitrogen-containing functional groups, including pyridinic,

Polyvinyl alcohol (PVA)

Alginic acid sodium (SA)

Biochar

—

( Mix well and heat until dissolves ]1— Add deionized water

Immobilization matrix

Dripping

Crosslinking agent (boronic acid,

anhydrous calcium chloride

Microbial inoculum

[ Crosslinking at 6°C ]

Microbe-immobilized biochar

Fig. 3. Protocols for the immobilization of microbes onto biochar (Yang et al., 2020a, 2020b).
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pyrrolic, and quaternary moieties play vital roles in the adsorption of
microbes during the immobilization process (Baser et al., 2021; Leng
et al., 2020; Wu et al., 2022; Wang et al., 2022). Biochar is typically alka-
line, which makes it a suitable amendment to restore acid soils and immo-
bilize microbial cells and cationic potentially toxic elements (PTEs) (Hou
et al., 2022; O'Connor et al., 2018; Bolan et al., 2023). Ash content is a
key factor affecting biochar pH (Wang et al., 2020b). Increasing pyrolysis
temperature leads to higher biochar pH because a greater proportion of vol-
atile carbon is burned off, leaving more inorganic components in the solid
phase. The surface chemistry of biochar can be altered through physico-
chemical modification processes to target the adsorption of specific micro-
organisms during the immobilization processes and contaminants during
the remediation process using microbial-immobilized biochar products
(Sumaraj et al., 2020).

3. Immobilization of microbes in biochar
3.1. Microbial immobilization processes

Microbial immobilization is a biotechnology in which microorganisms
are immobilized in a specific space by different means of immobilization
to preserve their inherent microbial activity (Karel et al., 1985) (Fig. 2).
Li etal. (2022a, 2022b) summarized microbial immobilization mechanisms
and biochar-immobilized microorganisms' environmental application in a
recent review. The process of immobilizing microorganisms usually in-
cludes attachment on the surface and pores through adsorption, electro-
static interaction, ion grid formation, and covalent binding (Liu et al.,
2020; Vasilieva et al., 2021; Zhang et al., 2014). The immobilization of
microorganisms by biochar embedding method is achieved by using stabi-
lizers such as calcium alginate and ferric alginate to produce microbe-
immobilized biochar beads for agricultural and environmental applications
(Zhao et al., 2021; Zheng et al., 2021). Yang et al. (2020a, 2020b) provided
a detailed protocols for the synthesis of microbe-immobilized biochar beads
using calcium alginate and polyvinyl alcohol in the presence of crosslinking
agents (Fig. 3). The immobilization processes of biochar immobilized
microorganisms and their applications in agriculture and environmental re-
mediation are presented in Fig. 4.

Surface adsorption and pore filling are based on the interaction of non-
specific forces (such as adhesion) between biochar and microbial surface
functional groups (such as -OH and -COOH) (Wu et al., 2022). Microorgan-
isms tend to adhere to carrier materials by producing adhesion substances
(known as extracellular polymers), which allow them to grow and spread
throughout the surface and inner pores of the carrier material. (Li et al.,

i Surface adsorption
i and pore filling

. Biochar

O Microorganism

CEE Pyrene
(EEE:O Benzo(a)pyrene

/ Microbial immobilization processes \
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2022a, 2022b). Chen et al. (2021) used biochar as a carrier for the immobi-
lization of Bacillus cereus WHX-1 to remediate Cr(VI) contaminated soil.
Analysis by SEM and FTIR indicated that the rough and porous surface of
biochar provided active sites for microorganism inhabitation. Direct
contact of a contaminant with a microbe can cause a loss of microbial
activity. Maintaining microbial activity is an important issue that needs to
be addressed.

Electrostatic interaction is one of the common processes involved in the
immobilization of microbes by biochar. In general, microbial surfaces are
negatively charged, and using surface positively charged carrier materials
helps accelerate the immobilization process. Shen et al. (2017a) investi-
gated the remediation of Cd by biochar-immobilized microalgae and
found that microorganisms were immobilized on the biochar surface by
electrostatic action. For example, biochar produced at low temperature
tends to contain more abundant O- and N-containing functional groups,
can be more effective in immobilizing microorganisms and metal(loid)s
(Baser et al., 2021). Nevertheless, there are obstacles related to unstable im-
mobilization and low tolerance of microorganisms. Subsequent research
should prioritize enhancing microbial resilience to the harmful effects of
contaminants at high concentrations. (Li et al., 2022a, 2022b).

The embedding of microorganisms in fine grids of a polymeric carrier is
termed as ion grid formation. The grid structure can inhibit microorganisms
from being exuded from the carriers, while the external environment's
small molecule substrates and components can readily enter and exit the
carriers (Lu et al., 2020; Wu et al., 2022). This process promotes the growth
and proliferation of microorganisms, increasing their tolerance to contam-
inants and enhancing their ability to degrade them (Wu et al., 2022). How-
ever, only small molecule substrates have free access to the particle's
interior, which is unsuitable for the degradation of macromolecular con-
taminants. Ion grid formation also causes high mass transfer resistance
and hinders the electron transfer of substrates. Thus, it is ideal for reaction
systems where both substrate and product are composed of small molecules
(Jiang et al., 2022).

Covalent bonding is the use of chemical covalent bonds formed between
functional groups on microbial cells and chemical groups (sulfhydryl,
amino, hydroxyl, etc.) on the surface of a carrier to immobilize cells
(Ahmad and Khare, 2018). The process is characterized by strong binding
and adequate stability. Thus, the binding of microbial cells with the carrier
substrates such as biochar through functional groups becomes a bottleneck
problem in the process of immobilization of microbial cells by biochar, and
the persistence of immobilized microbial cells, and the stability of the
biochar-based microbial immobilization products for agricultural and envi-
ronmental applications (Wu et al., 2022). There are relatively few relevant
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Fig. 4. Immobilization processes of biochar immobilized microorganisms and their applications in agriculture and environmental remediation.



S. Bolan et al.

studies on this aspect. For example, Bianco et al. (2022) immobilized phen-
anthrene (PHE) degrading microbes using biochar involving covalent bond-
ing and achieved 96 % degradation of PHE through coupling of desorption
of PHE from marine sediments and biodegradation of the sediment washing
solution in a novel biochar immobilized-cell reactor, In the future, more re-
search can be conducted in this area.

Some studies have used composites (biochar-microorganism), with im-
mobilization carried out by gel embedding or surface adsorption, to remove
acenaphthene from wastewater (Lu et al., 2021; Lu et al., 2018). Both im-
mobilization methods showed different removal effects (embedding:
50.60 %; adsorption: 38 %). The study results indicated that compared to
adsorption (pH = 4.5-10.5), the embedding method maintains higher ef-
fectiveness over a wide pH range (pH = 2.5-10.5). In contrast to the
above results, Yang et al. (2020a, 2020b) found that surface adsorption
was superior to gel embedding in the bioremediation of contaminated
soils. Ha et al. (2022) compared the effects of covalent bonding and surface
adsorption on the degradation of paraquat. The results indicated that the re-
moval percentage of the former (90.61 %) was greater than that of the latter
(82.05 %). Based on the above results, it can be said that different microbial
immobilization methods significantly impact the removal of contaminants.
Therefore, immobilization methods should be carefully chosen based on
the target contaminants after evaluating the advantages and disadvantages
of different methods.

3.2. Factors affecting immobilization

Many internal and external factors affect the process of immobilizing
microorganisms with biochar. The internal factors include nutrients and
the properties of the biochar, while the external factors include the environ-
mental pH and the initial concentration of contaminants (Wu et al., 2022).
These influencing factors are essential to determine biochar-immobilized
microorganisms' contaminant removal and degradation efficiency.

The properties of biochar play a critical role in the interaction between
carbon and bacteria during immobilization. The pore structure and specific
surface area of biochar create a suitable habitat for microorganisms (Zhao
et al., 2020). The properties of biochar, including specific surface area
and pore size and distribution, usually depend on the pyrolysis temperature
and biomass type. Das et al. (2021) studied various properties of biochar
from different raw materials at three different carbonization temperatures
(400, 500, and 600 °C). Their results showed that all studied biochars'
pore diameter and specific surface area were optimum at 600 °C. Biochar
produced by high-temperature pyrolysis had more aromatic carbon ring
layers and higher stability (Das et al., 2021), which was more conducive
to microbial enrichment. Nutrient conditions of biochar also largely depend
on its pyrolysis temperature and biomass type (Hossain et al., 2021). How-
ever, the nutrient contents (e.g., nitrogen and sulphur) and functional
groups can be lost at high temperature (>600 °C), and hence low-
temperature biochar is recommended to preserve nutrients (Tomczyk
etal., 2020). The ash of biochar can provide inorganic nutrients to microor-
ganisms and is a major factor driving microbial metabolic stability. Bio-
chars produced from grass materials, and manure usually have a higher
ash content and provide more nutrients than wood biochars (Adnan et al.,
2015). Xu and Chen (2013) found a positive correlation between the ash
content and pyrolysis temperature of crop straw biochar and manure bio-
char. In addition, another benefit of biochar providing nutrients to microor-
ganisms may be that it can promote microbial functions critical for nutrient
cycling. For example, biochar can increase the abundance of rhizosphere
bacteria capable of converting organic S and P into bioavailable forms,
thereby promoting ryegrass growth (Fox et al., 2014).

Environmental pH plays an important role in immobilization by
influencing cell viability and charges on the surface of biochar (Wu et al.,
2022). Microorganisms are susceptible to environmental pH variations,
and under field conditions, the optimal pH for their reproduction and via-
bility ranges from 6 to 8 (Zhang et al., 2022). The pH value can also affect
the charge on the biochar surface and thus affect the immobilization pro-
cess. It was found that increasing pH (when initial pH < 7) enhanced the
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adsorption of cationic PTEs and basic dyes by biochar-microbial composites
and decreased the removal of anionic PTEs and acid dyes (Hu et al., 2019;
Huang et al., 2020a, 2020b). Similar results were also found in the study of
Wang et al. (2021b), which utilized magnetic biochar-microbial composites
for the remediation of Cd(II) and As(III). The results showed that the com-
posites' Cd(II) removal percentage was low at pH = 3, while it increased
when the pH increased from 4 to 7. Also, As(III) removal percentage in-
creased from 18 % to 61 % by increasing pH from 2 to 5. The environmental
pH mainly affects the adsorption efficiency and contaminant removal ca-
pacity by affecting the activity of microorganisms and the point charge on
the surface of microorganisms. Therefore, it is necessary to consider the ef-
fects of environmental pH on the immobilization process.

The initial concentration of the contaminant is an important influencing
factor. High contaminant concentration affects microbial activity and
causes microbial death (Wahla et al., 2020). Zhao et al. (2020) immobilized
bacterial strains on biochar by gel embedding to remove phenol. According
to the findings, biodegradation was considerably hindered by high initial
phenol concentrations (>400 mg/L), and the bacteria failed to survive
when the phenol concentration surpassed 1000 mg/L. However, including
biochar increased phenol degradation from 46 % to 99 % at a concentration
of 600 mg/L. The results indicated that adding biochar in the immobiliza-
tion process could enhance the toxicity resistance of microorganisms and
improve the contaminant removal efficiency of biochar-immobilized mi-
croorganisms.

The effectiveness of biochar-immobilized microbial technology in prac-
tical applications is limited due to complex and variable environmental
conditions. More consideration should be given to external factors affecting
the immobilization process, such as competition with indigenous microor-
ganisms, which are critical in advancing the efficient application of
biochar-immobilized microorganisms. Efficient contaminant removal is of
great significance when using biochar-immobilized microorganisms.

Multiple properties of biochar materials are important for their success
as inoculum carriers. For example, biochars typically have large quantities
of pores, suitable for microbial colonization and their protection from pred-
ators such as protozoan, nematodes, and mites. Those can also retain or ad-
sorb nutrients essential for microbial growth (Wildman and Derbyshire,
1991; Brewer et al., 2014; Das and Ghosh, 2021; Labanya et al., 2022).
Such pores also provide active sites on biochar surfaces which can sorb con-
taminants allowing simultaneous adsorption and biodegradation (Ha et al.,
2022; Wu et al., 2022).

The pyrolysis of organic residues to produce biochar results in a sterile
product, providing a solid support on which inoculated organisms do not
compete with established microbial populations. Also, biochar pH is often
neutral to slightly alkaline and can confer some pH buffering capacity
(Shi et al., 2018; Shi et al., 2019), providing a habitat suitable for many
soil microorganisms, which tend to be most active at neutral pH (Rousk
et al., 2010). In a comparison of multiple biochar materials, According to
Hale et al. (2015), the survival rate (i.e., shelf life) of plant-growth-
promoting bacteria (PGPR) after inoculation was correlated with the chem-
ical properties of biochar, such as its nitrogen content and pH, while
biochar's physical properties (e.g., porosity and pore opening diameters)
were better predictors of inoculum survival after soil incorporation (Hale
et al., 2015). This was further supported by the work of Vanek et al.
(2016), who evaluated Rhizobium inoculated onto biochar. Pore size distri-
bution, plant-derived ash nutrients, and volatile organic matter influenced
inoculum survival in storage and under drying conditions.

Microorganisms have been shown to colonize tubular biochar pores and
surfaces (Tao et al., 2018). Pore structure and distribution have been consis-
tently documented as important carrier properties. Cell immobilization
onto biochar may be achieved by adsorption (e.g., by mixing liquid cultures
promoting surface tension and adhesion interactions between functional
groups of microbial and biochar surfaces (Wu et al., 2022)), covalent bond-
ing, leveraging the functional groups onto microbial surfaces to form cova-
lent bonds with groups on carrier surfaces (Ha et al., 2022); or embedding/
encapsulation via sodium alginate or agar (Jiang et al., 2022; Wang et al.,
2022). Carrier colonization may be further facilitated via the formation of
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extracellular polysaccharide (EPS) matrices (e.g., biofilm), by inoculating
organisms on biochar surfaces (Hale et al., 2014; Bertola et al., 2019; Tu
et al., 2020). Mechanistically, EPS not only protects microorganisms from
shear stress, desiccation, toxic compounds, and protozoan grazing, but it
also enhances extracellular enzyme retention/ efficacy and facilitates nutri-
ent transport (Sauer et al., 2022a, 2022b; Sooriyakumar et al., 2022). On
biochar surfaces, microbial EPS has been associated with increased extra-
cellular enzymatic activity and facilitation of enhanced electron transport
(Sathishkumar et al., 2020).

3.3. Modification of biochar for enhanced microbial immobilization

Modified biochar improves the adsorption capacity of contaminants by
improving electronic shuttle ability and specific surface area and increasing
oxygen-containing functional groups, which are conducive to the immobi-
lization of microorganisms (Jiang et al., 2022). Currently, biochar modifi-
cation methods applied to immobilization technology mainly include
layered double hydroxides (Zheng et al., 2021), H,O, (Youngwilai et al.,
2020), and Fe304 modification (Wang et al., 2021b). Table 1 summarizes
the removal effects of immobilized microorganisms from modified biochars
under different influencing factors. Zheng et al. (2021) utilized layered
double hydroxide-modified biochar to immobilize Acinetobacter sp. FYF8,
which exhibits excellent denitrification and phosphorus removal capabili-
ties in neutral conditions. It should be noted that strong acids and bases
can impact the functional activity of microorganisms. The study results
demonstrated an 86.11 % efficiency in phosphorus removal and a maxi-
mum denitrification efficiency of 95.32 %. Similarly, Teng et al. (2020)
immobilized Leclecia adecarboxylata, a phosphorus lytic bacterium, to pre-
pare composites with nano zero-valent iron biochar. This composite facili-
tated the passivation effect of Pb(II). Nano zero-valent iron biochar can
rapidly reduce the toxic effects of Pb(II) on microorganisms and reduce
the redox potential of soils, thus enhancing phosphate release. Insoluble
lead phosphate compounds are formed by phosphorus-dissolving bacteria,
thereby enhancing the stability of Pb(II). Studies have proposed using
immobilized microorganisms in magnetic biochar gel beads to remove
PAHs with high molecular weight (Qiao et al., 2020). Magnetic biochar
gel beads solve most of the problems of poor buoyancy and difficult collec-
tion of carriers. Compared with single strains, immobilizing microorgan-
isms by magnetic biochar gel beads, which have a high removal capacity
and good buoyancy and magnetic properties, and which can also be col-
lected by an external magnetic field, is a promising method for removing
PAHs after an oil spill.

Youngwilai et al. (2020) immobilized the manganese-oxidizing bacte-
rium Streptomyces violarus SBP1 using H>O,-modified biochar for the ad-
sorption and biotransformation of Mn(II). The modified biochar increased
Mn(II) adsorption and cell attachment sites. Microbial cells converted Mn

Science of the Total Environment 886 (2023) 163968

(I) to Mn(III) through a biological oxidation process, and Mn(III) was fur-
ther converted to Mn(IV) (stable particles). The Mn(II) removal rate
reached 74.80 %. This study demonstrated the feasibility of using
biochar-immobilized cells to remediate Mn(II). Wang et al. (2021b)
achieved efficient removal of cadmium (Cd) and arsenic (As) using a
novel composite synthesized using Fe;04-modified biochar with Bacillus
sp. K1. The addition of Bacillus sp. K1 increased Cd(II) and As(III) adsorp-
tion sites (amines, carboxylates, etc.). Fe304-modified biochar can protect
Bacillus sp. K1 from PTE stress. The composite of Fe304-modified biochar
with microorganisms can also be easily separated by a magnetic field to
mitigate secondary pollution, making it a highly promising adsorbent for
clean and sustainable environmental remediation.

When different modified biochars are compared, the microbial immobi-
lization technology based on magnetic nanomaterials is regarded as a
promising approach. It can enhance the adsorption sites, physicochemical
characteristics, and mechanical stability of the material by adjusting the
morphology and composition of the material, thus facilitating effective mi-
crobial immobilization (Wang et al., 2021a). Li et al. (2022a, 2022b)
showed that biochar mixed with metal or non-metal materials as carrier
substrates could enhance electron mobility and increase the adsorption of
contaminants. Therefore, modified biochar can provide more adsorption
sites for contaminants and microorganisms and improve the toxicity toler-
ance of microorganisms. In summary, modified biochar improves the con-
taminant removal capacity of composites and maintains the activity of
microorganisms. Although modified biochar is effective, it poses problems
of high cost and complicated preparation.

4. Agricultural application of microbial-immobilized biochar

Although carrier materials are important for the protection of intro-
duced strains or consortia in the agricultural context, it is also critical
that, once introduced into an environment, an inoculum can colonize host
tissue (e.g., roots or root surfaces). Several studies have demonstrated
that once immobilized in biochar pores and on surfaces, inoculated micro-
organisms did not show reduced capacity to colonize plant host roots
(Douds Jr et al., 2014; Hale et al., 2014), nor did biochar impede root col-
onization by native soil microorganisms (Solaiman et al., 2010) or when
co-applied with inoculum (Liu et al., 2018; Hashem et al., 2019). Once in-
troduced into soils, plant-beneficial traits of plant growth-promoting bacte-
ria, mycorrhizal fungi, endophytes, and biocontrol agents are numerous
and varied. Many microbial inoculants possess nutrient-acquisition strate-
gies, competitive mechanisms, and phytohormone interactions that con-
comitantly promote plant health while benefiting their own growth and
reproduction. There are many reviews on plant-growth-promoting micro-
bial traits and their functionalities in agriculture (Bashan, 1998; Compant
et al., 2010; Ramakrishna et al., 2019). This area has received attention

Table 1
Removal effects of differently modified biochars used as microbial carriers on pollutants in soil and the environment.
Immobilization Biochar Pyrolysis Modifiers Microorganisms Pollutants ~ Optimal Initial Removal References
processes raw temperature pH concentrations of rates (%)
materials Q) pollutants
Gel embedding Orange / Layered Acinetobacter sp. FYF8 Nitrate 7.0 5 mg/L 95.32 (Zheng et al., 2021)
peel double Phosphate 3 mg/L 86.11
hydroxide
Gel embedding Rice straw 500 Fe304 Bacillus sp. K1 Cd(In 7.0 50 mg/L 87.00 (Wang et al., 2021b)
As(IID) 20 mg/L 61.00
Gel embedding Rice hull / FeSO47H20  Leclercia adecarboxylata Pb(ID) 5.0 1 mM 93.00 (Teng et al., 2020)
Gel embedding E. prolifera 500 Fe304 Pseudomonas sp., Thalassospira sp., Pyrene 8.0 20 mg/L 91.90 (Qiao et al., 2020)
Shewanella sp. and Alcanivorax sp.
Halomonas sp. and Shewanella sp. Benzo(a) 10 mg/L 69.20
pyrene
Thalassospira sp., Joostella sp., and  Indeno 10 mg/L 77.30
Pseudomonas sp. (1,2,3 cd)
pyrene
Surface Eucalyptus 800 H,0, Streptomyces violarus Mn(II) / 3 mg/L 74.80 (Youngwilai et al.,
adsorption and  leaves 2020)

pore filling
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from researchers for decades. However, modern advances in “omics” tools,
as well as needs for sustainable alternatives to heavy agrochemical inputs,
have prompted additional research on the subject and development of bio-
logicals by agrochemical manufacturers (Xu and Geelen, 2018). This has
led to a body of literature wherein researchers have evaluated biochar-
microbial formulations for agricultural purposes.

Many soil organisms contribute to plant nutrient acquisition, such as ni-
trogen (N) via symbiotic and free-living N-fixation, phosphorus (P) through
its solubilization by the production of small organic acids or phytase en-
zymes, iron via the production of siderophores, and/or by the direct coloni-
zation of roots and uptake of nutrients as is the case with arbuscular
mycorrhizal (AM) fungi (Egamberdieva et al., 2019a, 2019b). A nitrogen-
fixing bacterial inoculum is one of the most common, commercially-
available biological amendments, often applied as seed coats, and it has
been inoculated onto biochar to serve as a soil amendment or seed coating.
In comparison to perlite, pine bark biochar enhanced the shelf life of an N-
fixing Rhizobium strain, whereas sludge biochar did not, but nodulation of
pigeon pea was not enhanced using the Rhizobium-pine bark biochar formu-
lation (Araujo et al., 2020). A biochar produced from rice prolonged Rhizo-
bium survival in storage, and similar formulations enhanced nodule weight,
plant weight, and plant height of kidney beans (Ghazi, 2017). Seven of 13
biochar materials evaluated promoted Rhizobium sp. survival at least as
well as peat under moist storage conditions. Survival was further improved
when biochar was supplemented with montmorillonite prior to pyrolysis to
increase macropores of size <0.3 pm (Vanek et al., 2016).

Bradyrhizobium and maize silage hydrochar formulations had high inoc-
ulum survival compared to pyrolyzed wood and enhanced lupin growth
and N and P uptake (Egamberdieva et al., 2017). Two of five biochars eval-
uated enhanced Bradyrhizobium shelf life, and the best performer, softwood
biochar, was shown to increase soybean nodulation in the absence of chem-
ical fertilizer (Glodowska et al., 2017). It is known that abiotic stress factors
inhibit nodule formation in legumes, disturbing symbiotic association of le-
gumes with rhizobia. In such conditions, biochar as a source of nutrients
supports the abundance of bacteria, protects bacteria against desiccation,
and maintains their survival in the rhizosphere which is a critical issue for
positive effects on plant growth under extreme conditions (Pietikainen
et al., 2000). A free-living, N-fixing Azotobacter strain applied as a single
species inoculum or in consortia with a P-solubilizing Bacillus sp. and
Tricoderma fungi showed prolonged shelf life on a rice husk biochar com-
pared to biochar prepared from coconut shell or palm fruit residues
(Maftuah et al., 2020). Acacia wood biochar sourced from the UK, but not
India, promoted survival in storage for up to six months with high popula-
tion densities of another free-living N-fixer, a strain of Agzosprillum
(Kuppusamy et al., 2011).

Multiple studies have also evaluated biochar-microbe formulations to de-
liver P solubilizing bacteria (PSB) into soils. A PSB Pseudomonas sp. inoculated
onto hardwood biochar as a seed coat treatment enhanced corn biomass,
whereas softwood biochar stimulated earlier germination (Gtodowska et al.,
2016). Of the four biochar materials evaluated in the Pseudomonas
bioformulation, three improved inoculum shelf life beyond that determined
for peatmoss (Glodowska et al., 2016). A P solubilizing consortium of three
bacteria and one fungus maintained high population densities in the storage
on oil palm, coconut shell, corncob, and rice husk biochars, with the coconut
biochar retaining the highest viable populations after six months of storage
(Husna et al., 2019). Tea leaf biochar prepared at 600 °C, but not 350 °C, en-
hanced the shelf life of a PSB Bacillus sp. and improved mung bean nodule
number and yields over inoculated peat (Azeem et al., 2021). Zheng et al.
(2019) developed biochar-formulated phosphate solubilizing bacteria (PSB)
and studied its effect on plant growth and P uptake in rape. They observed a
positive correlation between the abundance of the phosphate solubilizing bac-
teria community, plant biomass, P concentration in rhizosphere soil and P con-
tent in plant tissue. The available-P content of the biochar maintained the
proliferation and abundance of PSB and supported their survival.

Arbuscular mycorrhizal fungi grown within pelletized switchgrass bio-
char effectively colonized bahia grass (Paspalum notatum) roots (Douds Jr
et al., 2014). While not all biochar materials performed similarly, biochar
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formulations with N-fixing bacteria, PSB, or AM fungal strains or consortia
have been widely recognized as promising for use in agriculture.

Beneficial microbes for soil application can also be classified as phyto-
stimulants or rhizosphere probiotics or PGPR, and various mechanisms
have been proposed for the effects on improving soil health and plant produc-
tivity (Vassileva et al., 2020; de Souza Vandenberghe et al., 2017). Some di-
rect probiotics' action mechanisms include biological nitrogen fixation,
release of nutrients such as nitrogen, phosphorous, sulphur and iron, and
plant hormone production. Indirectly, these microorganisms can release bio-
molecules such as antibiotics, enzymes, and antimicrobial and pathogen-
inhibiting volatile compounds, which can help to mitigate abiotic and biotic
stresses impacting plants growth. For example, bacteria can produce plant
growth hormones (e.g., auxins, gibberellins, and cytokinins) or impede the
accumulation of a stunting hormone, ethylene, via 1-aminocyclopropane-1
carboxylic acid (ACC) deaminase activity, which degrades its precursor. A
few phyto-stimulant strains have also been evaluated in biochar formulations.
Their involvement in root growth and development can benefit agricultural
productivity when challenged by abiotic stressors, such as drought and
PTEs, or salinity (Vessey, 2003; Yang et al., 2009). Pinewood biochar pro-
moted inoculum survival of an auxin-producing strain of Enterobacter in
soil and enhanced cucumber growth, irrespective of inoculum addition
(Hale et al., 2014). Many studies show the positive effects of biochar applica-
tion on microbial diversity and activity in soil (Hardy and Knight, 2021; Zhao
et al., 2022). Root-associated bacterial diversity exhibiting plant growth-
promoting activities was higher in biochar- amended soil than untreated
soil (Egamberdieva et al., 2017). There results indicate that improved plant
growth, and development is an indirect effect that relates to microbial activ-
ities in soil and in the rhizosphere.

Biochar from agricultural wastes pyrolyzed at 600 °C prolonged the sur-
vival of auxin-producing strains of Burkholderia and Bacillus in storage, and
the bioformulations promoted tomato biomass and yield (Kumar et al.,
2017). A pinewood biochar formulation with a strain of Pseudomonas, with
ACC deaminase activity, maintained high inoculum populations. It enhanced
maize growth in salinized soil, effects which were independent of biochar nu-
trient supplementation (Sun et al., 2016). Importantly, the pinewood biochar
did not impede the ACC deaminase activity of the Pseudomonas sp. (Hale
et al., 2015). Plant-induced stress from PTEs can also be combated via micro-
bial immobilization or uptake. When combined with sludge or rice husk
biochar, a PSB Enterobacter strain removed lead (Pb) from a medium. It
contributed to its stabilization on biochar surfaces, a process that can, in
turn, support crop development in Pb-contaminated soils (Chen et al.,
2019). Provided that biochar can sorb contaminants that may be detrimental
to plant development or enhance soil water status and bulk density, formula-
tions of phyto-stimulants and biochar materials may be especially promising
for agricultural regions challenged by abiotic stressors.

Additionally, introduced organisms can promote plant disease resilience
by producing antibiotic or antifungal compounds, competitively displacing
pathogens via resource acquisition, or by stimulating plant immune re-
sponses. Biochar from sawdust and peat moss improved the survival of a con-
sortium of three Fusarium wilt biocontrol bacterial strains, also reducing
disease incidence and enhancing tomato yield (Elhadidy, 2019). Cotton
straw biochar prepared at 400 °C or 600 °C showed greater benefits to pepper
growth when inoculated with a Bacillus strain with biocontrol potential than
when either amendment was incorporated independently (Tao et al., 2019).
Overall, in most reports, biochar has been demonstrated to either promote
the survival or shelf life of the inoculum or to enhance the benefits of biochar
on plant growth properties (e.g., root length, shoot height, yield). Table 2
shows that biochar-microbial bioformulations have been assayed for bacterial
and fungal species and consortia that encompass a range of plant beneficial
characteristics.

5. The utilization of microbe-immobilized biochar for environmental
purposes

Biochar is considered an effective microbial carrier through adsorption,
embedding, and electrochemical immobilization of microbes (Cheng et al.,
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Table 2

Examples of biochar-microbial bioformulations evaluated in agricultural contexts.
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Crop-
beneficial
function

Microbial inoculants

Synergistic impact

Reference

Plant growth regulation

ACC deaminase

Pseudomonas sp.

Auxin Enterobacter sp.;
production Burkholderia sp.;
Bacillus sp
Nutrient acquisition
Nitrogen Rhizobium spp.;
fixation Bradyrhizobium spp.;
Azotobacter sp.;
Azospirillum sp.
Inorganic Pseudomonas spp.;
phosphorus  Paenibacillus sp.;
solubilization Burkholderia sp.;
Acinetobacter sp.;
Penicillium sp.;
Bacillus sp.
Arbuscular Funneliformis sp.,;
mycorrhizal ~ Glomus sp.;
fungi Rhizophagus sp.
Biocontrol Bacillus spp.;
Brevibacillus sp.,;
Stenotrophomonas sp.
Heavy metal Enterobacter sp.
tolerance

Pinewood biochar- Pseudomonas sp. formulation did not impede or
enhance ACC deaminase activity (Hale et al., 2015).

Pinewood biochar-Pseudomonas sp. formulations maintained high
population densities and enhanced maize growth in salinized soil,
effects which were independent of biochar nutrient supplementation
(Sun et al., 2016)

Pinewood biochar promoted inoculum survival of Enterobacter sp. in
soil and enhanced cucumber growth, irrespective of inoculum
addition (Hale et al., 2014).

Biochar from agricultural wastes pyrolyzed at 600 °C prolonged the
survival of a Burkholderia sp. and a Bacillus sp. in storage, and the
bioformulations promoted tomato biomass and yield (Kumar et al.,
2017)

In comparison to perlite, pine bark biochar enhanced the shelf life of
Rhizobium sp., and sewage sludge biochar did not. Rhizobium
nodulation of pigeon peas was not enhanced when pine park biochar
was used as a carrier (Araujo et al., 2020)

Rice biochar enhanced Rhizobium survival in storage, and these
formulations enhanced nodule weight, plant weight and plant height
of kidney beans (Ghazi, 2017). Seven of 13 biochar materials
evaluated promoted Rhizobium sp. survival as well as peat under moist
storage conditions. When biochar was supplemented with
montmorillonite prior to pyrolysis with the goal of increasing
macropores of size <0.3 pm, the benefits to inoculum survival were
much greater (Vanek et al., 2016).

Bradyrhizobium and maize silage hydrochar (BR-HTC) formulations
had high inoculum survival compared to pyrolyzed wood and maize
chars. The HTC-BR formulation enhanced lupin growth, N, and P
uptake (Egamberdieva et al., 2017).

Two of five biochars evaluated enhanced Bradyrhizobium shelf life.
The best performer, softwood biochar, was shown to increase soybean
nodulation in the absence of chemical fertilizer (Glodowska et al.,
2017). An N-fixing Azotobacter sp. applied as a single species inocula
or in consortia with a P-solubilizing Bacillus sp. and Trichoderma fungi
showed prolonged shelf life on a rice husk biochar compared to
biochar prepared from coconut shell or palm fruit residues (Maftuah
et al., 2020)

Acacia wood biochar sourced from the UK, but not India, promoted
Azospirillum survival in storage for up to 6 months and high popula-
tion densities (Kuppusamy et al., 2011)

A Pseudomonas sp. inoculated onto hardwood biochar as a seed coat
treatment enhanced corn biomass, whereas softwood biochar
stimulated earlier germination. Of the four biochar materials
evaluated, three improved inoculum shelf life beyond that determined
for peat moss (Glodowska et al., 2016).

A P solubilizing consortia of three bacteria and one fungus maintained
high population densities in the storage on oil palm, coconut shell,
corncob, and rice husk biochars. Coconut biochar had the highest
viable populations after six months of storage (Husna et al., 2019)

Tea leaf biochar prepared at 600 °C but not 350 °C enhanced Bacillus
shelf life and improved mung bean nodule number and yields over
inoculated peat (Azeem et al., 2021)

AM fungi grown within pelletized switchgrass biochar colonized
bahiagrass roots (Douds Jr et al., 2014)

Biochar from sawdust and peat moss improved the survival of a
consortium of three Fusarium wilt biocontrol bacterial strains, also
reducing disease incidence and enhancing tomato yield (Elhadidy,
2019)

Cotton straw biochar prepared at 400 or 600 °C showed greater
benefits to pepper growth when inoculated with a Bacillus strain with
biocontrol potential than when either amendment was incorporated
independently (Tao et al., 2019)

When combined with sludge biochar and rice husk biochar, P
solubilizing Enterobacter strain removed lead from the medium (Liu
et al., 2018; Chen et al., 2019)

(Hale et al., 2015; Sun et al., 2016)

(Hale et al., 2014; Kumar et al., 2017)

(Kuppusamy et al., 2011; Vanek et al., 2016; Egamberdieva
et al., 2017; Ghazi, 2017; Glodowska et al., 2017; Araujo et al.,
2020; Maftuah et al., 2020) (Azeem et al., 2021)

(Glodowska et al., 2016, Husna et al., 2019, Maftuah et al.,
2020, Azeem et al., 2021)

(Douds Jr et al., 2014)

(Elhadidy, 2019; Tao et al., 2019)

(Liu et al., 2018; Chen et al., 2019)
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2020; Li et al., 2022a, 2022b; Teng et al., 2020; Wang et al., 2020c). Bio-
char can provide habitat and nutrients for microorganisms, favoring the
growth and colonization of microorganisms. The growth and reproduction
of microorganisms can further promote the removal efficiency of contami-
nants (Chen et al., 2019; Li et al., 2022a, 2022b; Wahla et al., 2020; Zheng
et al., 2022). Thus, microbial-immobilized biochar is increasingly being
used for the removal of various contaminants in industrial and domestic
wastewater, soil, and air through biosorption or/and biodegradation pro-
cess (Li et al., 2022a, 2022b; Wu et al., 2021a, 2021b; Zheng et al., 2022)
(Table 3).

Up to now, wastewater and soil are the two primary environmental
media that have been frequently investigated (Bolan et al., 2022a, 2022b;
Deng et al., 2022; Gong et al., 2022; Li et al., 2022a, 2022b; Wu et al.,
2021a, 2021b; Zheng et al., 2022). The investigated contaminants include
organic contaminants and their intermediate metabolites, PTEs (metals,
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metalloids, and radionuclides), and inorganic salts and nutrients (Deng
et al., 2022; Li et al., 2022a, 2022b; Wu et al., 2021a, 2021b; Zhang
et al., 2021). Commonly investigated organic contaminants include phe-
nols (Lou et al., 2019; Wang et al., 2021; Wang et al., 2020b), pesticides/
fungicides (Sun et al., 2020; Wahla et al., 2020), dyes (Abu Talha et al.,
2018; Bharti et al., 2019), estrogens (Dai et al., 2019), pharmaceuticals
(Sun et al., 2020), antibiotics (Zhang and Wang, 2021; Zhang et al.,
2022), antibiotic resistance genes (Cheng et al., 2020; Zhang et al.,
2022), polycyclic aromatic hydrocarbons and their derivatives (Kong
et al., 2018; Liang et al., 2021; Piscitelli et al., 2019), polybrominated bi-
phenyl ethers (Guo et al., 2022), and petroleum hydrocarbons (Zhang
et al., 2019a, 2019b). The PTEs include Cu(Il) (Huang et al., 2020a,
2020b), Cd(II) (Shen et al., 2019), Pb(II) (Chen et al., 2019; Teng et al.,
2020), As(V) (Simiele et al., 2021), Mn(II) (Deng et al., 2022), and others
(Zhang et al., 2022).

Table 3
Examples of biochar-immobilized microorganisms in environmental applications.
Environmental Microbial inoculants Synergistic impact References
applications
Heavy-metal Enterobacter sp.; When coupled with alkaline and slightly acidic biochar derived from rice husk and sludge, respectively, Chen et al., 2019
removal Leclercia adecarboxylata; ~ the microbe can remove Pb2* by 24.11 % and 60.85 % from water (Chen et al., 2019).
Bacillus subtilis (B38); The immobilized Leclercia adecarboxylata by rice hull biochar/nZVI shows excellent remediation Teng et al., 2020
Chlorella sp.; efficiency, and the highest removal rate of Pb>* in beef peptone liquid medium could reach 93 % (Teng
Acinetobacter sp. AL-6; et al., 2020).
Stenotrophomonas Two kinds of biochar pyrolyzed at 350 °C, one derived from corn straw and one from pig manure, were ~Wang et al., 2018; 2017
maltophilia used as the carriers of bacterium (B38, a mutant genotype from Bacillus subtilis using UV irradiation) to
immobilize heavy metals (Cd, Cr, Hg, and Pb) in solution and contaminated soil (Wang et al., 2018,
2017).
The feasibility of the bioremediation of Cd using microalgal-water hyacinth biochar immobilized Shen et al., 2017a
complex was achieved (Shen et al., 2017a, 2017b).
The capacity for Mn?* remediation by grapefruit peel biochar and strain AL-6 was checked in the Deng et al., 2022
sequencing batch bioreactor and soil column (Deng et al., 2022).
Biochar derived from different parts of dried corn (root, stalk, leaf, and cob) was used to immobilize Huang et al., 2020a, 2020b
microorganism cells to remove Cu®* in a water solution, and the corn stalk biochar (pyrolyzed at
250 °C) had the strongest Cu 2* removal ability (Huang et al., 2020a, 2020b).
Herbaspirillum huttiense The chaff-based biochar exhibited high immobilization of Cu (85.5 %) and Zn (64.4 %) and great Zhang et al., 2022
removals of oxytetracycline (41.9 %) and enrofloxacin (40.7 %) in contaminated soil (Zhang et al.,
2020a, 2020b).
Organic Brevibacillus parabrevis; Compared with those without immobilization, better bioremediation of Congo red dye was achieved by ~Abu Talha et al., 2018; Bharti
pollutant Alcaligenes faecalis the immobilized batch and continuous packed bed bioreactor of Brevibacillus parabrevis using coconut et al., 2019
removal shell biochar (Abu Talha et al., 2018).

The Casuarina seed-biochar with Alcaligenes faecalis immobilization has excellent removal capability of

methylene blue dye (Bharti et al., 2019).
Shewanella oneidensis
MR-1;
Nonylphenol degrading
bacteria;
Microorganism mixture

The reed straw biochar enhanced the removal of 17  estradiol by S. oneidensis MR-1 (Dai et al., 2019).

Dai et al., 2019; Lou et al.,
2019

The cells immobilized on bamboo charcoal and wood charcoal biochar achieved effective removal of
nonylphenol, and bamboo charcoal biochar showed better performance (Lou et al., 2019).

The peanut shell biochar, coupled with the microorganisms, exhibited the best sorption and degradation
ability of 2,4-dichlorophenol in the soil bio-reactive layer (Wang et al., 2020a, 2020b, 2020c).

Phenanthrene-degrading
bacteria;
Petroleum-degrading
bacteria

38.73 = 3.98 %) (Liang et al., 2021).

Fe-rich sludge biochar with bacteria immobilization (removal efficiency: 58.15 * 4.90 %) facilitated
phenanthrene biodegradation in soil compared with that of free bacteria treatment (removal efficiency:

Liang et al., 2021; Zhang et al.,
2019a

The immobilized microorganisms on mushroom biochar (pyrolyzed at 550 °C) accelerate the
biodegradation of petroleum in petroleum hydrocarbon-contaminated soil (Zhang et al., 2019a).

Bacillus cereus LZ01;

Chlortetracycline in water can be removed by co-effects of microbial degradation and surface adsorption

Zhang et al., 2021

biochar acquired from forsythia, erding, and honeysuckle (Zhang et al., 2021).

Alcaligenes faecalis WZ-2;
bacterial consortium
MB3R

half-life of tebuconazole (Sun et al., 2020).

The straw biochar-immobilized WZ-2 accelerated the degradation of tebuconazole in soil with a reduced

Sun et al., 2020; Wahla et al.,
2020

Augmentation with MB3R immobilized-rice husk biochar in potato vegetated soil achieved a
degradation rate of 96 % for metribuzin herbicide as compared to only 29.3 % in un-augmented soil

(Wahla et al., 2020).
Pseudomonas mendocina
GL6;
Acinetobacter sp. AL-6
Acinetobacter sp. FYF8

Inorganic salts

removal biochar (Zhang et al., 2021).

column (Deng et al., 2022).

Immobilized P. mendocina GL6 on bamboo biochar showed higher nitrate removal than bacteria-free

Deng et al., 2022; Zhang et al.,
2021; Zheng et al., 2021

Grapefruit peel biochar and strain AL-6 remediate NH**-N in sequencing batch bioreactor and soil

A novel double-layered hydroxide-orange peel biochar/sodium alginate composite act as a carrier for
Acinetobacter sp. FYF8 and improve the removal of nitrogen and phosphorus in the bioreactor (Zheng

et al., 2021).
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Water bodies are common media for the application of microbial-
immobilized biochar. Wu et al. (2022) have provided a detailed overview
on the application of microbe-immobilized biochar in removing contami-
nants from water and soil environments. Microbial biomass can be used
as an effective biosorption strategy for contaminant removal from an
aqueous environment. However, one of the limitations restricting the direct
application of microbial biomass for contaminant removal comes from the
post-adsorption process, where there can be difficulties in separating the
microbial biomass from the contaminant media for the safe disposal of
contaminant-enriched spent microbial biomass. Hence, it is important to
create optimal carrier matrices for the application of biosorption so that
the microbe-immobilized carrier matrices such as biochar can be readily
separated from the contaminant media for safe disposal and reuse of
spent carrier (Baskar et al., 2022).

Although polymeric materials have been used as carrier matrices, there
are specific issues regarding the practical application of polymeric mate-
rials. Those include their potential toxicity to microorganisms, short service
life, high cost, the requirement for recycling, and environmental risks
(Alhakawati et al., 2003; Kim et al., 2014; Yakup Arica et al., 2003). Bio-
char is a suitable alternative because of its cost-effectiveness and environ-
mentally friendly nature. Plentiful pores with suitable size distribution
create ideal conditions for microorganisms. They provide structural protec-
tion from hostile organisms and desiccation and allow access to carbon (C),
energy, and mineral nutrients (Saito and Marumoto, 2002; Warnock et al.,
2007). Varied and functionally differentiated microbial communities have
been detected and isolated in biochar pores (Jaafar et al., 2015; Theis and
Rillig, 2009). Thus, biochar can act as a functional carrier for microorgan-
isms.

Liu et al. (2021) observed that using different biochar substrates could
result in varying structures and properties of the final product. Biochar pro-
duced from plant residues typically contains lower amounts of inorganic
ash (Brewer et al., 2014; Spokas et al., 2011) and reduced levels of
macro- and micro-nutrients (Glaser and Birk, 2012). Conversely, biochar
derived from livestock manures tends to have higher ash content (Cao
etal., 2011a; Zhang et al., 2013), leading to enrichment with primary nutri-
ents compared to plant-derived biochar (Sarkhot et al., 2012).

In a study by Wang et al. (2018), two types of biochar were used as car-
riers for a mutant genotype bacterium, B38 (source: Bacillus subtilis), to ad-
sorb PTEs in an aqueous medium. The biochars, derived from corn straw
(CBC) and pig manure (PBC), exhibited significant differences in surface
structural characteristics, as shown in SEM photographs (Fig. 5). Both
biochars were effective carriers for microorganisms to form co-sorbents,
contributing to the removal of PTEs. The study also found that the co-
sorbents had an advantage in removing mixtures of PTEs, and the contribu-
tions of biochars and microorganisms varied for different PTEs.

In soil, microbial bioaugmentation is a minimally invasive technique. It
is, therefore, a feasible option for mitigating the hazardous effects of con-
taminants on microorganisms without impacting soil properties and
interrupting agricultural activities during the soil remediation period
(Ledin et al., 1999; Udeigwe et al., 2011). However, one of the limitations
of the bioaugmentation process is that the contaminated soils are often de-
ficient in biologically essential nutrients and, hence, may not be able to pro-
mote the rapid growth of the bioaugmented microbes (Reddy et al., 2003).
Biochar can release nutrients to provide carbon and energy sources for mi-
crobial growth (Jaiswal et al., 2017; Lehmann et al., 2011). Furthermore, as
a porous material, biochar can provide a good habitat for microorganisms
(Wang et al., 2018). Hence, biochar is a potential micro-environment for
soil microorganisms (Jaafar et al., 2014).

The relative ratio of carbonized and non-carbonized fractions of biochar
depends on the pyrolysis conditions, including temperature, which determines
the characteristics and behavior of biochar (Cao et al., 2011b). Generally, a
lower pyrolysis temperature stabilizes the PTEs and releases P, K, Ca, and
other plant nutrients into the soil (Han et al., 2022). Two types of biochars py-
rolyzed at 350 °C (CBC and PBC) were tested as carriers of B38 to promote bio-
augmentation efficiency by Wang et al. (2017). The surface area of PBC was
almost 2-fold higher than that of CBC (Wang et al., 2017). Thus, the surface

12

Science of the Total Environment 886 (2023) 163968

of pig-manure-derived biochar contained more adsorption sites, thereby pro-
viding greater adhesion space for B38 growth and reproduction. Wang et al.
(2017) reported that PBC had an ash content almost three times higher than
that of CBC and had greater concentrations of nutrient elements compared
to CBC. Therefore, PBC has great potential to provide abundant nutrients for
B38 growth to utilize its functional activity. The polymerase-chain-reaction
denaturing-gradient-gel-electrophoresis (PCR-DGGE) profiles provided evi-
dence that PBC could promote the growth and proliferation of both the exotic
B38 bacteria and native microbes (Wang et al., 2017). Moreover, after treat-
ment, Cd and Pb concentrations in lettuce plants were measured and found
to be less than the standard threshold levels of China (Wang et al., 2017). In
addition, the concurrent application of B38 and PBC promoted plant growth
(37.9 % increment of plant biomass) (Wang et al., 2017). Thus, the low-
pyrolysis-temperature pig-manure-derived biochar was a good carrier for
B38, and co-amendment with B38 displayed a synergistic effect on the immo-
bilization of PTEs in the soil.

6. Economic feasibility and unintended consequences of the applica-
tion of microbial-immobilized biochar

Evaluation of the economic feasibility of biochar-microorganism com-
posites is a prerequisite and key for their use in commercial applications
(Singh and Srivastava, 2022). At present, many studies are focused on the
cost-effectiveness analysis of biochar. For example, Sakhiya et al. (2022)
evaluated the preparation cost of rice straw biochar from the perspectives
of raw material collection, adsorbent production, and indirect cost. It is re-
ported that rice straw biochar has certain application potential in commer-
cial areas. In addition, Alhashimi and Aktas (2017) compared the economic
performance of biochar and activated carbon, and the results show that bio-
char has the same effect as activated carbon, but the cost of biochar is
lower.

Currently, there are relatively few studies on cost analysis of biochar-
microorganism composites at present, and only some studies were evalu-
ated from the perspective of the reaction process and economic benefits.
Through literature research, it was found that Bianco et al. (2022) con-
ducted an economic evaluation of the process of removing phenanthrene
from sediment by biochar-immobilized cells. The study showed that parts
of the pollutants are constantly degraded by microorganisms, thus reducing
the regeneration cost and improving the economic feasibility of composites,
the cost of the whole process is 346.2 €/ton (Bianco et al., 2022). On the
other hand, Jjaz et al. (2019) studied the effect on wheat growth when
biochar and plant growth-promoting rhizosphere bacteria (PGPR) were ap-
plied simultaneously. The potential economic benefits (such as production
costs and revenues) of growing wheat were also explored. This study
showed high environmental benefits for the combined application of bio-
char and PGPR. Reducing the fertilizer dose by 50 % under conditions
that did not affect yield and net benefit, and the net benefit (per ha) was ap-
proximately $400. However, Hussain et al. (2016) found that the net
benefit of wheat (per ha) could only reach about $260 and the fertilizer
dose was only decreased by 38 % when PGPR is applied alone. Although
the simultaneous application of biochar and microorganisms increases
input costs, their gains in economic and environmental benefits are
concomitantly high.

In summary, there are currently limited studies on the systematic eval-
uation of the economics of biochar-microorganism composites. Although
the presence of microorganisms improves the reusability of biochar-
microorganism composites, it is still necessary to analyze their input costs
to make them more widely used in the commercial field in future studies.

Although microbial-immobilized biochar has shown great potential in
the various aforementioned environmental applications, several unin-
tended consequences should be considered.

Firstly, certain types of biochar may possess toxic substances, leading to
toxicity to soil microorganisms, and they may cause secondary pollution
following their use as soil amendments. In this case, inoculated biochars
also face the same problem. For instance, considering that PTEs (except
for Hg) cannot be burnt off during pyrolysis, biochars made from
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Fig. 5. SEM photography of corn straw biochar (CBC) and pig manure biochar (PBC) (Wang et al., 2018).

contaminated biomass may contain considerable amounts of PTEs
(Agrafioti et al., 2013; Van Wesenbeeck et al., 2014). In this context, special
care must be taken when using sewage sludge as biomass feedstock. For in-
stance, Lu et al. (2016) found that sewage sludge biochar was enriched with
PTEs and metalloids, including Pb, Zn, Cu, Cr, Ni, and As, whose concentra-
tion even exceeded that of the sludge feedstock. However, one should note
that the labile capacity of these elements decreases substantially following
pyrolysis. Jin et al. (2016) suggested that the geochemical fractions of PTEs
in sludge biochars were mainly less labile forms, including the oxidizable
and residual forms, as compared with the labile ones. Other examples of
metal-enriched biomass feedstock include PTE-contaminated crop residues
(Bian et al., 2018; Shen et al., 2019) or hyperaccumulators harvested from
phytoextraction practices (Cui et al., 2018; Wang et al., 2022d).

Biochar toxicity can also come from biomass pyrolysis, which may gen-
erate considerable amounts of polycyclic aromatic hydrocarbons (PAHs).
PAH concentration in biochars can vary greatly from 0.07 mg/kg to
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100 mg/kg (Han et al., 2022). Slow pyrolysis is much safer as compared
with fast pyrolysis in terms of PAH generation (Fig. 6) (Hale et al., 2012).
Typically biochars fabricated at a relatively low pyrolysis temperature
(below 500 °C) are enriched with low molecular weight PAHs with 2- 3
rings, whereas high molecular weight PAHs with 5- 6 rings are generated
in high temperature (above 500 °C) biochars (Han et al., 2022). Whether
biochar serves as a sink or a source of soil PAHs is a question with no
definite answer yet. A 3-year field study suggested that soil enriched with
unmodified biochar had significantly higher concentrations of PAHs
(1.95 mg/kg) as compared with the unamended soil (1.13 mg/kg) because
biochar itself acted as a sorbent for PAH retention in the soil and that bio-
char amendment decreased PAH catabolism (Quilliam et al., 2013b). By
contrast, other studies using microbial-immobilized biochar have shown
that inoculated microorganisms accounted for the successful degradation
of soil PAHSs. For instance, inoculation of the PAH-degrading bacteria
Pseudomonas putida (Chen et al., 2012), Pseudomonas aeruginosa (Lu et al.,
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Fig. 6. Total PAH concentration (pg/g) in different biochars. Bars are grouped by color according to the biochar source material and country of production. Reproduced with

permission from Hale et al. (2012). Copyright 2012 ACS Publications.

2021), Bacillus sp. (Wang et al., 2019a), and Sphingomonas sp. (Song et al.,
2021) onto a biochar carrier results in successful degradation of PAHs.

Secondly, the introduction of external microbes may cause disturbance to
the native microbial community, which has been largely neglected in previous
attempts where microbial-immobilized biochar has been applied to the soil.
The disturbance may lie either in the biochar host or the immobilized strains.
In the former case, a decrease in the fungi-to-bacteria ratio has been reported
to occur in certain biochar-amended soils (Brtnicky et al., 2021). For instance,
in a field trial conducted in an acid paddy soil in Southwest China, a normal
wheat straw biochar application rate at 40 t/ha led to a significant increase
in bacteria 16S rRNA gene copy numbers (by 64 %) along with a significant
decrease in fungi 18S rRNA gene copy numbers (by 46 %) (Chen et al.,
2013). Considering that a fungi-dominated microbial community is more
favourable for carbon stabilization as compared with a bacteria-dominated
community, it is likely that soil carbon loss would be stimulated in this case
(Chen et al., 2013; Six et al., 2006).

Han et al. (2016) reported that switchgrass biochar negatively affected
arbuscular mycorrhizal fungi colonization, which was possible because the
salty conditions this high ash biochar created were not favourable for fun-
gal growth. Exogenous bacteria directly affect the community structure of
native microorganisms. Hg-volatilization bacteria Pseudomonas sp.
DC-B1 and Bacillus sp. DC-B2 immobilized onto pine sawdust biochar
were reported to alter the soil bacterial community slightly, but the ecolog-
ical consequences remained to be explored (Chang et al., 2019). Another
study found that the application of a Bacillus sp. K1 inoculated magnetic
biochar to a Cd-contaminated rice paddy resulted in a slight decrease in in-
digenous microbial alpha diversity, providing direct evidence of
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competition between exogenous bacteria with soil native microbes (Wang
et al., 2021b).

Finally, the long-term behavior of microbial-immobilized biochar re-
mains uncertain. Biochar undergoes an aging process following soil amend-
ment, which may lead to unpredictable consequences, such as physical
fragmentation, ash dissolution, and (photo)oxidation, all of which will af-
fect microbe-biochar interactions in the long term (Jin et al., 2021; Mia
et al., 2017; Wang et al., 2022a; Wang et al., 2020b). As previously men-
tioned, weak interactions, such as electrostatic interactions, may play a
vital role in microbial immobilization within the biochar matrix. With pro-
gressive aging, this weak interaction will likely diminish because the sur-
face of biochar would become more negative due to the formation of
more oxygen-containing functional groups (Mia et al., 2017; Wang et al.,
2019b). Whether immobilized strains would remain active following de-
tachment from the porous biochar matrix should be investigated. Besides,
labile carbon may be preferentially metabolized within a few months of
biochar amendment, leaving recalcitrant aromatic moieties that microor-
ganisms can hardly use (Rasul et al., 2022; Wang et al., 2022b; Zhong
et al., 2020). Whether biochar would remain effective at supporting the
growth and the performance of immobilized microbes also remains un-
clear. Therefore, more field trials should be conducted to test the long-
term performance of microbial-immobilized biochars.

7. Summary and conclusions

The present review provides an overview concerning the interactions
between microorganisms and biochar as a carrier and the agricultural and
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environmental effects after applying biochar-immobilized microorganisms.
Ion grid formation and electrostatic interaction have been shown to be the
primary mechanisms for immobilizing microorganisms by biochars due to
the high surface area, porosity, surface charge, and stability of biochars.

There have been increasing research interests in using biochar as an al-
ternative microbial carrier to replace commercially available non-
renewable microbial carrier substrates such as peat. As noted, biochar is
an effective carrier due to its surface properties that favor microbial life.
The colocation of carbon and nutrients in biochar promotes microbial colo-
nization. Biochar-based inoculants enhance plant growth even in hostile en-
vironments. Biochar-immobilized microbes help in the remediation of
contaminated soils. Adsorption of contaminants by biochar avoids micro-
bial inactivation by contaminants. Colocation also provides contact be-
tween microorganisms and contaminants, which is conducive to their
subsequent biodegradation. When biochar-immobilized microbes for nutri-
ent management and remediation of contaminated soils are used, second-
ary toxicity caused by the contaminants remaining on the biochar and the
carrier's direct toxicity should be considered. Although biochar can be
effectively used as a carrier for microbial cells, thereby the immobilized mi-
crobes can be used to improve soil health and environmental remediation,
some of the issues with the overall application of biochar technology in re-
lation to energy cost for the synthesis of biochar and air quality in terms of
greenhouse emission need to be taken into consideration for large scale
applications of this emerging biochar-based microbial immobilization
technology.

Given the limitations on the use of non-renewable substrates, such as peat,
for microbial inoculum and the growing use of biochar-immobilized-
microorganism technology, we propose exploring the following future
research avenues to improve carrier material performance and expanding
the potential applications of this emerging technology:

Determine if the immobilization of microorganisms by biochar can be en-
hanced by improving the surface characteristics of biochar by optimizing
the feedstock and the pyrolyzing conditions

Develop cost-effective techniques for large-scale microbial immobiliza-
tion of microbes including rhizosphere probiotics onto biochar

Monitor the survival and activity of biochar-immobilized microbes dur-
ing the storage, transport and field application of these microbial-
enriched biochar products.

Optimise the storage and transport conditions to maintain the long-term
survival and activity of immobilized microbes in microbial-enriched bio-
char products used for field application

Determine if the long-term persistence of immobilized microorganisms
can be improved by examining the stability of biochar in soils
Determine if the recovery and reuse of ‘spent’ microorganism-
immobilized biochar can be facilitated by the application of magnetic
biochar

Determine if the selection of microorganisms is critical for the success-
ful utilization of biochar-based inoculants for agricultural and envi-
ronmental applications

Demonstrate the agronomic (e.g., plant-growth-promoting probiotic
microbes) and environmental remediation (e.g., contaminant
degrading microbes) benefits of biochar-based microbial immobiliza-
tion technology using large-scale field experiments.

Explore the opportunities for the immobilization of microbial extra-
cellular enzymes onto biochar so that enzyme-immobilized biochar
products can be utilized directly for improving soil health and envi-
ronmental remediation

CRediT authorship contribution statement

Shiv Bolan, Deyi Hou and Nanthi Bolan - Conceptualization, Writing —
original skeleton of the entire draft, contributed Sections 1, 2 and 6, data ex-
traction for Tables and prepared Figures.

Lauren Hale, Dilfuza Egamberdieva, Priit Tammeorg, Rui Li- Contrib-
uted Sections 4 and 5, data extraction for Tables and prepared Figures.

15

Science of the Total Environment 886 (2023) 163968

Rui Li, Bing Wang, Jiaping Xu, Ting Wang, Hongwen Sun Contributed
Sections 3, 5 data extraction for Tables and prepared Figures.

Hailong Wang, Lokesh Padhye, Jorg Rinklebe, M.B. Kirkham and
Kadambot H.M. Siddique — covered Section 7 and contributed to the inter-
pretation of the discussion of various sections and provided critical revision
and editing of the article.

Data availability

No data was used for the research described in the article.
Declaration of competing interest

The authors declare that they have no known competing financial inter-
ests or personal relationships that could have appeared to influence the
work reported in this paper.

Acknowledgement

We acknowledge the partial support by Healthy Environments And
Lives (HEAL) National Research Network, which receives funding from
the National Health and Medical Research Council (NHMRC) Special Initia-
tive in Human Health and Environmental Change (Grant No. 2008937).

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2023.163968.

References

Abu Talha, M., Goswami, M., Giri, B.S., Sharma, A., Rai, B.N., Singh, R.S., 2018. Bioremedia-
tion of Congo red dye in immobilized batch and continuous packed bed bioreactor by
Brevibacillus parabrevis using coconut shell bio-char. Bioresour. Technol. 252, 37-43.
https://doi.org/10.1016/j.biortech.2017.12.081.

Adnan, A., Karin, H.A., Gerhard, S., Siegrid, S., 2015. Compost and biochar alter
mycorrhization, tomato root exudation, and development of fusarium oxysporum f. sp.
Lycopersici. Front. Plant Sci. 6, 529.

Agrafioti, E., Bouras, G., Kalderis, D., Diamadopoulos, E., 2013. Biochar production by sewage
sludge pyrolysis. J. Anal. Applied Pyrol. 101, 72-78.

Ahmad, R., Khare, S.K., 2018. Immobilization of aspergillus niger cellulase on multiwall car-
bon nanotubes for cellulose hydrolysis. Bioresour. Technol. 252, 72-75.

Ajeng, A.A., Abdullah, R., Ling, T.C., Ismail, S., Lau, B.F., Ong, H.C., Chew, K.W., Show, P.L.,
Chang, J.S., 2020. Bioformulation of biochar as a potential inoculant carrier for sustain-
able agriculture. Environ. Technol. Innovat. 20, 101168.

Albert, H.A., Li, X., Jeyakumar, P., Wei, L., Huang, L.X., Huang, Q., Kamran, M., Shaheen,
S.M., Hou, D.Y., Rinklebe, J., Liu, Z.Z., Wang, H.L., 2021. Influence of biochar and soil
properties on soil and plant tissue concentrations of Cd and Pb: a meta-analysis. Sci.
Total Environ. 755.

Alhakawati, M.S., Banks, C.J., Smallman, D., 2003. Evaluation of two types of polyurethane
for the immobilisation of Rhizopus oryzae for copper uptake. Water Sci. Technol. 47
(9), 143-150.

Alhashimi, H.A., Aktas, C.B., 2017. Life cycle environmental and economic performance of
biochar compared with activated carbon: a meta-analysis. Resour. Conserv. Recycl.
118, 13-26. https://doi.org/10.1016/j.resconrec.2016.11.016.

Alkurdi, S.S., Herath, I., Bundschuh, J., Al-Juboori, R.A., Vithanage, M., Mohan, D., 2019. Bio-
char versus bone char for a sustainable inorganic arsenic mitigation in water: what needs
to be done in future research? Environ. Internat. 127, 52-69.

Al-Rumaihi, A., Shahbaz, M., Mckay, G., Mackey, H., Al-Ansari, T., 2022. A review of pyrolysis
technologies and feedstock: a blending approach for plastic and biomass towards opti-
mum biochar yield. Renew. Sustain. Energy Rev. 167, 112715.

Araujo, J., Diaz-Alcéntara, C.-A., Urbano, B., Gonzalez-Andrés, F.n., 2020. Inoculation with
native Bradyrhizobium strains formulated with biochar as carrier improves the perfor-
mance of pigeonpea (Cajanus cajan L.). Eur. J. Agron. 113, 125985.

Atinafu, D.G., Chang, S.J., Kim, K.H., Kim, S., 2020. Tuning surface functionality of standard
biochars and the resulting uplift capacity of loading/energy storage for organic phase
change materials. Chem. Eng. J. 394, 125049.

Azeem, M., Hassan, T.U., Tahir, M.I., Ali, A., Jeyasundar, P.G.S.A., Hussain, Q., Bashir, S.,
Mehmood, S., Zhang, Z., 2021. Tea leaves biochar as a carrier of Bacillus cereus improves
the soil function and crop productivity. Appl. Soil Ecol. 157, 103732.

Banik, C., Lawrinenko, M., Bakshi, S., Laird, D.A., 2018. Impact of pyrolysis temperature and
feedstock on surface charge and functional group chemistry of biochars. J. Environ. Qual.
47 (3), 452-461.

Basak, B.B., Sarkar, B., Saha, A., Sarkar, A., Mandal, S., Biswas, J.K., Wang, H., Bolan, N.S.,
2022. Revamping highly weathered soils in the tropics with biochar application: what
we know and what is needed. Sci. Total Environ. 822, 153461.


https://doi.org/10.1016/j.scitotenv.2023.163968
https://doi.org/10.1016/j.scitotenv.2023.163968
https://doi.org/10.1016/j.biortech.2017.12.081
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0010
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0010
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0010
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0015
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0015
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0020
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0020
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0025
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0025
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0030
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0030
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0030
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0035
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0035
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0035
https://doi.org/10.1016/j.resconrec.2016.11.016
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0045
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0045
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0045
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0050
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0050
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0050
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0055
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0055
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0055
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0060
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0060
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0060
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0065
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0065
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0070
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0070
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0070
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0075
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0075

S. Bolan et al.

Baser, B.Y., Yetis, U., Abbas, Q., Kwon, E.E., Wang, S., Bolan, N.S., Rinklebe, J., 2021. Forma-
tion of nitrogen functionalities in biochar materials and their role in the mitigation of haz-
ardous emerging organic pollutants from wastewater. J. Hazard. Mater. 416, 126131.

Bashan, Y., 1998. Inoculants of plant growth-promoting bacteria for use in agriculture. Bio-
tech. Adv. 16 (4), 729-770.

Baskar, A.V., Bolan, N., Hoang, S.A., Sooriyakumar, P., Kumar, M., Singh, L., Jasemizad, T.,
Padhye, L.P., Singh, G., Vinu, A., Sarkar, B., Kirkham, M.B., Rinklebe, J., Wang, S.,
Wang, H., Balasubramanian, R., Siddique, K.H.M., 2022. Recovery, regeneration and sus-
tainable management of spent adsorbents from wastewater treatment streams: a review.
Sci. Total Environ. 822, 153555.

Bertola, M., Mattarozzi, M., Sanangelantoni, A.M., Careri, M., Visioli, G., 2019. PGPB coloniz-
ing three-year biochar-amended soil: towards biochar-mediated biofertilization. J. Soil
Sci. Plant Nut. 19, 841-850.

Bharti, V., Vikrant, K., Goswami, M., Tiwari, H., Sonwani, R.K., Lee, J., Tsang, D.C.W., Kim,
K.H., Saeed, M., Kumar, S., Rai, B.N., Giri, B.S., Singh, R.S., 2019. Biodegradation of
methylene blue dye in a batch and continuous mode using biochar as packing media. En-
viron. Res. 171, 356-364.

Bian, R, Li, L., Shi, W., Ma, B., Joseph, S., Li, L., Liu, X., Zheng, J., Zhang, X., Cheng, K., 2018.
Pyrolysis of contaminated wheat straw to stabilize toxic metals in biochar but recycle the
extract for agricultural use. Biomass Bioenergy 118, 32-39.

Bianco, F., Race, M., Papirio, S., Oleszczuk, P., Esposito, G., 2022. Coupling of desorption of
phenanthrene from marine sediments and biodegradation of the sediment washing solu-
tion in a novel biochar immobilized—cell reactor. Environ. Pollut. 308, 119621.

Bolan, N., Hoang, S.A., Beiyuan, J., Gupta, S., Hou, D., Karakoti, A., Joseph, S., Jung, S., Kim,
K.H., Kirkham, M.B., Kua, H.W., Kumar, M., Kwon, E.E., Ok, Y.S., Perera, V., Rinklebe, J.,
Shaheen, S.M., Sarkar, B., Sarmah, A.K., Singh, B.P., Singh, G., Tsang, D.C.W., Vikrant, K.,
Vithanage, M., Vinu, A., Wang, H., Wijesekara, H., Yan, Y., Younis, S.A., Van Zwieten, L.,
2022a. Multifunctional applications of biochar beyond carbon storage. Intern. Mater.
Rev. 67 (2), 150-200.

Bolan, N.S., Sarmah, Ajit K., Bordoloi, Sanandam, Van Zwieten, Lukas, Solaiman, Zakaria M.,
Rinklebe, Jorg, Wang, Hailong, Singh, Bhupinder Pal, Siddique, Kadambot H.M., 2022b.
Soil acidification and the liming potential of biochar. Environ. Pollut. 317 (2023),
120632.

Bolan, N.S., Sarmah, A K., Bordoloi, S., Van Zwieten, L., Solaiman, Z.M., Rinklebe, J., Wang,
H., Singh, B.P., Siddique, K.H.M., 2023. Soil acidification and the liming potential of bio-
char. Environ. Pollut. 317, 120632.

Brewer, C.E., Chuang, V.J., Masiello, C.A., Gonnermann, H., Gao, X., Dugan, B., Driver, L.E.,
Panzacchi, P., Zygourakis, K., Davies, C.A., 2014. New approaches to measuring biochar
density and porosity. Biomass Bioenergy 66, 176-185.

Brtnicky, M., Datta, R., Holatko, J., Bielska, L., Gusiatin, Z.M., Kucerik, J., Hammerschmiedt,
T., Danish, S., Radziemska, M., Mravcova, L., 2021. A critical review of the possible ad-
verse effects of biochar in the soil environment. Sci. Total Environ. 796, 148756.

Bruun, E.W., Muller-Stover, D., Pedersen, B.N., Hansen, L.V., Petersen, C.T., 2022. Ash and
biochar amendment of coarse sandy soil for growing crops under drought conditions.
Soil Use Manag. 38 (2), 1280-1292.

Butler, E., Devlin, G., Meier, D., McDonnell, K., 2011. A review of recent laboratory research
and commercial developments in fast pyrolysis and upgrading. Renew. Sust. Energ. Rev.
15 (8), 4171-4186.

Cao, X., Ro, K.S., Chappell, M., Li, Y., Mao, J., 2011a. Chemical structures of swine-manure
chars produced under different carbonization conditions investigated by advanced
solid-state 13C nuclear magnetic resonance (NMR) spectroscopy. Energy Fuel 25 (1),
388-397. https://doi.org/10.1021/ef101342v.

Cao, X.D., Ma, L.N,, Liang, Y., Gao, B., Harris, W., 2011b. Simultaneous immobilization of lead
and atrazine in contaminated soils using dairy-manure biochar. Environ. Sci. Technol. 45
(11), 4884-4889. https://doi.org/10.1021/es103752u.

Chang, J., Yang, Q., Dong, J., Ji, B,, Si, G., He, F., Li, B., Chen, J., 2019. Reduction in Hg
phytoavailability in soil using Hg-volatilizing bacteria and biochar and the response of
the native bacterial community. Microb. Biotechnol. 12 (5), 1014-1023.

Chen, B., Yuan, M., Qian, L., 2012. Enhanced bioremediation of PAH-contaminated soil by
immobilized bacteria with plant residue and biochar as carriers. J. Soils Sediments 12
(9), 1350-1359.

Chen, J., Liu, X., Zheng, J., Zhang, B., Lu, H., Chi, Z., Pan, G., Li, L., Zheng, J., Zhang, X., 2013.
Biochar soil amendment increased bacterial but decreased fungal gene abundance with
shifts in community structure in a slightly acid rice paddy from Southwest China. Appl.
Soil Ecol. 71, 33-44.

Chen, H., Zhang, J., Tang, L., Su, M., Tian, D., Zhang, L., Li, Z., Hu, S., 2019. Enhanced Pb im-
mobilization via the combination of biochar and phosphate solubilizing bacteria. Envi-
ron. Int. 127, 395-401.

Chen, Y., Wu, H., Sun, P., Liu, J.,, Qiao, S., Zhang, D., Zhang, Z., 2021. Remediation of
chromium-contaminated soil based on Bacillus cereus WHX-1 immobilized on biochar:
Cr(VI) transformation and functional microbial enrichment. Front. Microbiol. 12,
641913.

Chen, X., Wu, W., Han, L., Gu, M., Li, J., Chen, M., 2022. Carbon stability and mobility of ball
milled lignin-and cellulose-rich biochar colloids. Sci. Total Environ. 802, 149759.

Cheng, B.H., Zeng, R.J., Jiang, H., 2017. Recent developments of post-modification of biochar
for electrochemical energy storage. Bioresour. Technol. 246, 224-233.

Cheng, D., Ngo, H.H., Guo, W., Chang, S.W., Nguyen, D.D., Li, J., Ly, Q.V., Tran, V.S., 2020.
Applying a new pomelo peel derived biochar in microbial fell cell for enhancing sulfon-
amide antibiotics removal in swine wastewater. Bioresour. Technol. 318, 123886.
https://doi.org/10.1016/j.biortech.2020.123886.

Compant, S., Clément, C., Sessitsch, A., 2010. Plant growth-promoting bacteria in the rhizo-
and endosphere of plants: their role, colonization, mechanisms involved and prospects
for utilization. Soil Biol. Biochem. 42 (5), 669-678.

Cui, X., Shen, Y., Yang, Q., Kawi, S., He, Z., Yang, X., Wang, C.H., 2018. Simultaneous syngas
and biochar production during heavy metal separation from Cd/Zn hyperaccumulator
(Sedum alfredii) by gasification. Chem. Engin. J. 347, 543-551.

16

Science of the Total Environment 886 (2023) 163968

Cuong, D.V., Matsagar, B.M., Lee, M., Hossain, M.S.A., Yamauchi, Y., Vithanage, M., Sarkar, B.,
Ok, Y.S., Wu, K.C.W., Hou, C.H., 2021. A critical review on biochar-based engineered hierar-
chical porous carbon for capacitive charge storage. Renew. Sust. Energ. Rev. 145, 111029.

Dai, H., Gao, S., Lai, C., He, H., Han, F., Pan, X., 2019. Biochar enhanced microbial degrada-
tion of 17beta-estradiol. Environ Sci Process Impacts 21 (10), 1736-1744.

Das, S.K., Ghosh, G.K., 2021. Development and evaluation of biochar-based secondary and
micronutrient enriched slow release nano-fertilizer for reduced nutrient losses. Biomass
Convers. Biorefin. 1-12.

Das, S.K., Ghosh, G.K., Avasthe, R.K., Sinha, K., 2021. Compositional heterogeneity of differ-
ent biochar: effect of pyrolysis temperature and feedstocks. J. Environ. Manag. 278,
111501.

de Souza Vandenberghe, L.P., Garcia, L.M.B., Rodrigues, C., Camara, M.C., de Melo Pereira,
G.V., de Oliveira, J., Soccol, C.R., 2017. Potential applications of plant probiotic microor-
ganisms in agriculture and forestry. AIMS Microbiol. 3 (3), 629-648.

Deng, S., An, Q., Ran, B., Yang, Z., Xu, B., Zhao, B., Li, Z., 2022. Efficient remediation of Mn
(2+) and NH4(+)-N in co-contaminated water and soil by Acinetobacter sp. AL-6
synergized with grapefruit peel biochar: performance and mechanism. Water Res. 223,
118962. https://doi.org/10.1016/j.watres.2022.118962.

Dissanayake, P.D., Palansooriya, K.N., Sang, M.K., Oh, D.X., Park, J., Hwang, S.Y.,
Igalavithana, A.D., Gu, C., Ok, Y.S., 2022. Combined effect of biochar and soil moisture
on soil chemical properties and microbial community composition in microplastic-
contaminated agricultural soil. Soil Use Manag. 38 (3), 1446-1458.

Dong, D., Wang, C., Van Zwieten, L., Wang, H.L., Jiang, P.K., Zhou, M.M., Wu, W.X., 2020. An
effective biochar-based slow-release fertilizer for reducing nitrogen loss in paddy fields.
J. Soils Sediments 20, 3027-3040.

Douds Jr., D.D., Lee, J., Uknalis, J., Boateng, A.A., Ziegler-Ulsh, C., 2014. Pelletized biochar as
a carrier for AM fungi in the on-farm system of inoculum production in compost and ver-
miculite mixtures. Compost Sci. Utilization 22 (4), 253-262.

Egamberdieva, D., Reckling, M., Wirth, S., 2017. Biochar-based Bradyrhizobium inoculum im-
proves growth of lupin (Lupinus angustifolius L.) under drought stress. Eur. J. Soil Biol. 78,
38-42.

Egamberdieva, D., Ma, H., Reckling, M., Wirth, S., Bellingrath-Kimura, S.D., 2018. Potential
effects of biochar-based microbial inoculants in agriculture. Environ. Sust. 1, 19-24.
https://doi.org/10.1007/542398-018-0010-6.

Egamberdieva, D., Wirth, S., Bellingrath-Kimura, S.D., Mishra, J., Arora, N.K., 2019a. Salt-
tolerant plant growth promoting rhizobacteria for enhancing crop productivity of saline
soils. Front. Microbiol. 10, 2791. https://doi.org/10.3389/fmicb.2019.02791.

Egamberdieva, D., Li, L., Ma, H., Wirth, S., Bellingrath-Kimura, S.D., 2019b. Soil amendment
with different maize biochars improves chickpea growth under different moisture levels
by improving symbiotic performance with Mesorhizobium ciceri and soil biochemical
properties to varying degrees. Front. Microbiol. 10, 2423. https://doi.org/10.3389/
fmicb.2019.02423.

Elhadidy, A.E., 2019. Performance of some new bioformulations against tomato fusarium
wilt. Egypt. J. Desert Res. 69, 1-19.

Elkhalifa, S., Mackey, H.R., Al-Ansari, T., McKay, G., 2022. Pyrolysis of biosolids to produce
biochars: a review. Sustainability 14 (15), 9626.

Fang, Q., Chen, B., Lin, Y., Guan, Y., 2014. Aromatic and hydrophobic surfaces of wood-
derived biochar enhance perchlorate adsorption via hydrogen bonding to oxygen-
containing organic groups. Environ. Sci. Technol. 48 (1), 279-288.

Fox, A., Kwapinski, W., Griffiths, B.S., Schmalenberger, A., 2014. The role of sulfur- and
phosphorus-mobilizing bacteria in biochar-induced growth promotion of Lolium perenne.
FEMS Microbiol. Ecol. 90 (1), 78-91.

Gao, Y.R., Fang, Z., Van Zwieten, L., Bolan, N., Dong, D., Quin, B.F., Meng, J., Li, F.B., Wu,
F.C., Wang, H.L., Chen, W.F., 2022. A critical review of biochar-based nitrogen fertilizers
and their effects on crop production and the environment. Biochar 4, 36.

Ghazi, A., 2017. Potential for biochar as an alternate carrier to peat moss for the preparation
of rhizobia bio inoculum. Microbiol. Res. J. Int. 18, 1-9.

Glaser, B., Birk, J.J., 2012. State of the scientific knowledge on properties and genesis of an-
thropogenic dark earths in Central Amazonia (terra preta de Indio). Geochim.
Cosmochim. Acta 82, 39-51. https://doi.org/10.1016/j.gca.2010.11.029.

Glodowska, M., Husk, B., Schwinghamer, T., Smith, D., 2016. Biochar is a growth-promoting
alternative to peat moss for the inoculation of corn with a pseudomonad. Agron. Sust.
Dev. 36 (1), 1-10.

Glodowska, M., Schwinghamer, T., Husk, B., Smith, D., 2017. Biochar based inoculants im-
prove soybean growth and nodulation. Agric. Sci. 8 (9), 1048-1064.

Gong, Y.Z., Niu, Q.Y., Liu, Y.G., Dong, J., Xia, M.M., 2022. Development of multifarious car-
rier materials and impact conditions of immobilised microbial technology for environ-
mental remediation: a review. Environ. Pollut. 314. https://doi.org/10.1016/j.envpol.
2022.120232.

Guo, Z., Zhou, H., Yin, H., Wei, X., Dang, Z., 2022. Functional bacterial consortium responses
to biochar and implications for BDE-47 transformation: performance, metabolism, com-
munity assembly and microbial interaction. Environ. Pollut. 313, 120120.

Ha, N.T.H., Toan, N.C., Kajitvichyanukul, P., 2022. Enhanced paraquat removal from contami-
nated water using cell-immobilized biochar. Clean Techn. Environ. Policy 24, 1073-1085.

Hale, S.E., Lehmann, J., Rutherford, D., Zimmerman, A.R., Bachmann, R.T., Shitumbanuma,
V., O’Toole, A., Sundqvist, K.L., Arp, H.P.H., Cornelissen, G., 2012. Quantifying the
total and bioavailable polycyclic aromatic hydrocarbons and dioxins in biochars. Environ.
Sci. Technol. 46 (5), 2830-2838.

Hale, L., Luth, M., Kenney, R., Crowley, D., 2014. Evaluation of pinewood biochar as a carrier
of bacterial strain Enterobacter cloacae UWS5 for soil inoculation. Appl. Soil Ecol. 84,
192-199.

Hale, L., Luth, M., Crowley, D., 2015. Biochar characteristics relate to its utility as an alterna-
tive soil inoculum carrier to peat and vermiculite. Soil Biol. Biochem. 81, 228-235.
Han, Y., Douds, J., David, D., Boateng, A.A., 2016. Effect of biochar soil-amendments on Al-
lium porrum growth and arbuscular mycorrhizal fungus colonization. J. Plant Nutr. 39

(11), 1654-1662.


http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0080
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0080
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0080
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0085
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0085
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0090
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0090
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0090
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0095
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0095
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0095
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0100
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0100
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0100
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0105
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0105
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0110
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0110
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0110
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0115
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0115
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0120
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0120
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf202305112332520348
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf202305112332520348
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0125
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0125
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0130
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0130
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0135
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0135
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0135
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0140
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0140
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0140
https://doi.org/10.1021/ef101342v
https://doi.org/10.1021/es103752u
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0155
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0155
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0155
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0160
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0160
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0160
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0165
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0165
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0165
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0170
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0170
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0170
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0175
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0175
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0175
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0175
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0180
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0180
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0185
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0185
https://doi.org/10.1016/j.biortech.2020.123886
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0195
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0195
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0195
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0200
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0200
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0200
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0205
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0205
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0210
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0210
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0215
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0215
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0215
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0220
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0220
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0220
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0225
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0225
https://doi.org/10.1016/j.watres.2022.118962
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0235
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0235
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0235
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0240
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0240
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0240
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0245
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0245
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0245
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0250
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0250
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0250
https://doi.org/10.1007/s42398-018-0010-6
https://doi.org/10.3389/fmicb.2019.02791
https://doi.org/10.3389/fmicb.2019.02423
https://doi.org/10.3389/fmicb.2019.02423
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0270
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0270
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0275
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0275
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0280
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0280
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0280
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0285
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0285
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0285
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0290
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0290
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0295
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0295
https://doi.org/10.1016/j.gca.2010.11.029
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0305
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0305
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0305
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0310
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0310
https://doi.org/10.1016/j.envpol.2022.120232
https://doi.org/10.1016/j.envpol.2022.120232
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0320
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0320
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0320
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0325
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0325
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0330
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0330
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0330
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0335
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0335
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0335
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0340
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0340
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0345
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0345
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0345

S. Bolan et al.

Han, H., Buss, W., Zheng, Y., Song, P., Rafiq, M.K,, Liu, P., Masek, O., Li, X., 2022. Contami-
nants in biochar and suggested mitigation measures—a review. Chem. Eng. J. 429,
132287.

Hardy, K., Knight, J.D., 2021. Evaluation of biochars as carriers for Rhizobium
leguminosarum. Can. J. Microbiol. 67 (1), 53-63. https://doi.org/10.1139/cjm-2020-
0416.

Harvey, O.R., Herbert, B.E., Kuo, L.J., Louchouarn, P., 2012. Generalized two-dimensional
perturbation correlation infrared spectroscopy reveals mechanisms for the development
of surface charge and recalcitrance in plant-derived biochars. Envir. Sci. Technol. 46
(19), 10641-10650.

Hashem, A., Kumar, A., Al-Dbass, A.M., Alqarawi, A.A., Al-Arjani, A.-B.F., Singh, G., Farooq,
M., Abd_Allah, E.F., 2019. Arbuscular mycorrhizal fungi and biochar improves drought
tolerance in chickpea. Saudi J. Biol. Sci. 26, 614-624.

He, Y., Zhou, X., Jiang, L., 2017. 2017; effects of biochar application on soil greenhouse gas
fluxes: a meta-analysis. GCB Bioenergy 9, 743-755.

Herrmann, L., Lesueur, D., 2013. Challenges of formulation and quality of biofertilizers for
successful inoculation. Appl. Microbiol. Biotechnol. 1-15.

Hossain, M.Z., Bahar, M.M., Sarkar, B., Donne, S.W., Wade, P., Bolan, N.S., 2021. Assessment
of the fertilizer potential of biochars produced from slow pyrolysis of biosolid and animal
manures. J. Anal. Appl. Pyrolysis 155. https://doi.org/10.1016/j.jaap.2021.105043.

Hou, D., 2021a. Biochar for sustainable soil management. Soil Use Manag. 37 (1), 2-6.

Hou, D., 2021b. Sustainable remediation in China: elimination, immobilization, or dilution.
Environ. Sci. Technol. 55 (23), 15572-15574.

Hou, D., 2022. Expediting climate-smart soils management. Soil Use Manag. 38 (1), 1-6.

Hou, R., Wang, L., O’Connor, D., Rinklebe, J., Hou, D., 2022. Natural field freeze-thaw process
leads to different performances of soil amendments towards cd immobilization and en-
richment. Sci. Total Environ. 831, 154880.

Hu, B,, Song, Y., Wu, S., Zhu, Y., Sheng, G., 2019. Slow released nutrient-immobilized biochar:
A novel permeable reactive barrier filler for Cr(VI) removal. J. Mol. Liq. 286, 110876.

Huang, J., Wang, J., Wang, S., Guo, S., 2020a. Different biochars as microbial immobilization
substrates for efficient copper II removal. Spectrosc. Lett. 53 (9), 712-725.

Huang, F., Li, K., Wy, R.-R., Yan, Y.-J., Xiao, R.-B., 2020b. Insight into the Cd2 + biosorption
by viable Bacillus cereus RC-1 immobilized on different biochars: roles of bacterial cell
and biochar matrix. J. Clean. Prod. 272, 122743.

Husna, N., Budianta, D., Munandar, M., Napoleon, A., 2019. Evaluation of several biochar
types as inoculant carrier for indigenous phosphate solubilizing microoorganism from
acid sulphate soil. J. Ecol. Eng. 20 (6), 1-8. https://doi.org/10.12911,/22998993/
109078.

Hussain, M., Asgher, Z., Tahir, M., Ijaz, M., Sattar, A., 2016. Bacteria in combination with fer-
tilizers improve growth, productivity and net returns of wheat (Triticum aestivum L.). Pak.
J. Agric. Sci. 53 (3). https://doi.org/10.21162/PAKJAS/16.4901.

IBI, 2015. Standardized product definition and product testing guidelines for biochar that is
used in soil. Intern. Biochar Initiative Version 2.1, IBI-STD-2.1, pp 61 http://www.
biochar-international.org/characterizationstandard.

Tjaz, M., Tahir, M., Shahid, M., Ul-Allah, S., Sattar, A., Sher, A., Mahmood, K., Hussain, M.,
2019. Combined application of biochar and PGPR consortia for sustainable production
of wheat under semiarid conditions with a reduced dose of synthetic fertilizer. Braz.
J. Microbiol. 50 (2), 449-458. https://doi.org/10.1007 /s42770-019-00043-z.

Jaafar, N.M., Clode, P.L., Abbott, L.K., 2014. Microscopy observations of habitable space in
biochar for colonization by fungal hyphae from soil. J. Integr. Agric. 13 (3), 483-490.
https://doi.org/10.1016/52095-3119(13)60703-0.

Jaafar, N.M.,, Clode, P.L., Abbott, L.K., 2015. Soil microbial responses to biochars varying in
particle size, surface and pore properties. Pedosphere 25 (5), 770-780. https://doi.org/
10.1016/51002-0160(15)30058-8.

Jaiswal, A.K., Elad, Y., Paudel, I, Graber, E.R., Cytryn, E., Frenkel, O., 2017. Linking the
belowground microbial composition, diversity and activity to soilborne disease sup-
pression and growth promotion of tomato amended with biochar. Sci. Rep. 7 doi:
ARTN 44382.

Jiang, Y., Yang, F., Dai, M., Ali, I, Shen, X., Hou, X., Alhewairini, S.S., Peng, C., Naz, L., 2022.
Application of microbial immobilization technology for remediation of Cr (VI) contami-
nation: a review. Chemosphere 286, 131721.

Jin, J., Li, Y., Zhang, J., Wu, S., Cao, Y., Liang, P., Zhang, J., Wong, M.H., Wang, M., Shan, S.,
2016. Influence of pyrolysis temperature on properties and environmental safety of heavy
metals in biochars derived from municipal sewage sludge. J. Hazard. Mater. 320,
417-426.

Jin, Y., Wang, L., Song, Y., Zhu, J., Qin, M., Wy, L., Hu, P., Li, F.,, Fang, L., Chen, C., 2021. In-
tegrated life cycle assessment for sustainable remediation of contaminated agricultural
soil in China. Environ. Sci. Technol. 55 (17), 12032-12042.

Jing, F., Sun, Y., Liu, Y., Wan, Z., Chen, J., Tsang, D.C., 2022. Interactions between biochar
and clay minerals in changing biochar carbon stability. Sci. Environ. 809, 151124.

Kambo, H.S., Dutta, A., 2015. A comparative review of biochar and hydrochar in terms of pro-
duction, physico-chemical properties and applications. Renew. Sust. Energ. Rev. 45,
359-378.

Karel, S.F., Libicki, S.B., Robertson, C.R., 1985. The immobilization of whole cells: engineer-
ing principles. Chem. Eng. Sci. 40 (8), 1321-1354.

Keiluweit, M., Nico, P.S., Johnson, M.G., Kleber, M., 2010. Dynamic molecular structure of
plant biomass-derived black carbon (biochar). Environ. Sci. Technol. 44 (4), 1247-1253.

Khadem, A., Raiesi, F., Besharati, H., Khalaj, M.A., 2021. The effects of biochar on soil nutri-
ents status, microbial activity and carbon sequestration potential in two calcareous soils.
Biochar 3, 105-116.

Kim, L., Lee, M., Wang, S., 2014. Heavy metal removal in groundwater originating from acid
mine drainage using dead Bacillus drentensis sp. immobilized in polysulfone polymer.
J. Environ. Manag. 146, 568-574. https://doi.org/10.1016/j.jenvman.2014.05.042.

Kong, L., Gao, Y., Zhou, Q., Zhao, X., Sun, Z., 2018. Biochar accelerates PAHs biodegradation
in petroleum-polluted soil by biostimulation strategy. J. Hazard. Mater. 343, 276-284.
https://doi.org/10.1016/j.jhazmat.2017.09.040.

17

Science of the Total Environment 886 (2023) 163968

Kookana, R.S., Sarmah, A.K., Van Zwieten, L., 2011. Biochar application to soil: agronomic
and environmental benefits and unintended consequences. Adv. Agron. 2011, 103-143.

Kostetskyy, P., Broadbelt, L.J., 2020. Progress in modeling of biomass fast pyrolysis: a review.
Energy Fuel 34 (12), 15195-15216.

Kumar, T., Usmani, A., Kumar, Z., Anshumail, Z., 2017. Biochar and flyash inoculated with
plant growth promoting rhizobacteria act as potential biofertilizer for luxuriant growth
and yield of tomato plant. J. Environ. Manag. 190, 20-27.

Kuppusamy, S., Krishnan, P.S., Kumutha, K., French, J., Carlos, G.E., Toefield, B., 2011. Suit-
ability of UK and Indian source Acacia wood based biochar as a best carrier material for
the preparation of Azospirillum inoculum. Intern. J. Biotechnol. 4 (6), 582-588.

Labanya, R., Srivastava, P.C., Pachauri, S.P., Shukla, A.K., Shrivastava, M., Srivastava, P.,
2022. Kinetics of micronutrients and S adsorption onto phyto-biochars: influence of
pyrolysis temperatures and properties of phyto-biochars. Biomass Convers. Biorefin.
1-15.

Ledin, M., Krantz-Riilcker, C., Allard, B., 1999. Microorganisms as metal sorbents: comparison
with other soil constituents in multi-compartment systems. Soil Biol. Biochem. 31 (12),
1639-1648. https://doi.org/10.1016/50038-0717(99)00073-5.

Lehmann, J., Rillig, M.C., Thies, J., Masiello, C.A., Hockaday, W.C., Crowley, D., 2011. Bio-
char effects on soil biota — a review. Soil Biol. Biochem. 43 (9), 1812-1836. https://
doi.org/10.1016/j.s0ilbio.2011.04.022.

Lehmann, J., Cowie, A., Masiello, C.A., Kammann, C., Woolf, D., Amonette, J.E., Cayuela,
M.L., Camps-Arbestain, M., Whitman, T., 2021. Biochar in climate change mitigation.
Nat. Geosci. 14 (12), 883-892.

Leng, L., Xu, S., Liu, R,, Yu, T., Zhuo, X., Leng, S., Xiong, Q., Huang, H., 2020. Nitrogen con-
taining functional groups of biochar: an overview. Bioresour. Technol. 298, 122286.
Leng, L., Xiong, Q., Yang, L., Li, H., Zhou, Y., Zhang, W., Jiang, S., Li, H., Huang, H., 2021. An
overview on engineering the surface area and porosity of biochar. Sci. Total Environ. 763,

144204.

Li, S., Harris, S., Anandhi, A., Chen, G., 2019a. Predicting biochar properties and functions
based on feedstock and pyrolysis temperature: a review and data syntheses. J. Cleaner
Prod. 215, 890-902.

Li, Z.C., Song, Z.L., Singh, B.P., Wang, H.L., 2019b. The impact of crop residue biochars on sil-
icon and nutrient cycles in croplands. Sci. Total Environ. 659, 673-680.

Li, L., Long, A., Fossum, B., Kaiser, M., 2022a. Effects of pyrolysis temperature and feedstock
type on biochar characteristics pertinent to soil carbon and soil health: a meta-analysis.
Soil Use Manag. https://doi.org/10.1111/sum.12848.

Li, R., Wang, B, Niu, A., Cheng, N., Chen, M., Zhang, X., Yu, Z., Wang, S., 2022b. Application
of biochar immobilized microorganisms for pollutants removal from wastewater: a re-
view. Sci. Total Environ. 837, 155563.

Liang, J., Wu, Z., Teng, T., 2021. Biochar prepared from Fe-rich sludge as suitable microbial
carriers for facilitating biodegradation of phenanthrene in soil. J. Chem. Technol.
Biotechnol. 96 (7), 2014-2021.

Liu, L., Li, J., Yue, F., Yan, X., Wang, F., Bloszies, S., Wang, Y., 2018. Effects of arbuscular my-
corrhizal inoculation and biochar amendment on maize growth, cadmium uptake and
soil cadmium speciation in cd-contaminated soil. Chemosphere 194, 495-503.

Liu, X., Xue, P., Jia, F., Qiu, D., Shi, K., Zhang, W., 2020. Tailoring polymeric composite gel
beads-encapsulated microorganism for efficient degradation of phenolic compounds.
Chin. J. Chem. Eng. 32, 301-306.

Liu, H., Basar, L.A., Nzihou, A., Eskicioglu, C., 2021. Hydrochar derived from municipal sludge
through hydrothermal processing: a critical review on its formation, characterization, and
valorization. Water Res. 199, 117186.

Liu, K., Ran, Q., Li, F., Shaheen, S.M., Wang, H., Rinklebe, J., Liu, C., Fang, L., 2022a. Carbon-
based strategy enables sustainable remediation of paddy soils in harmony with carbon
neutrality. Carbon Res. 1, 12. https://doi.org/10.1007/544246-022-00012-6.

Liu, Y., Li, H., Hy, T., Mahmoud, A., Li, J., Zhu, R., Jiao, X., Jing, P., 2022b. A quantitative re-
view of the effects of biochar application on rice yield and nitrogen use efficiency in
paddy fields: a meta-analysis. Sci. Total Environ. 830, 154792.

Lou, L., Huang, Q., Loy, Y., Lu, J., Hu, B, Lin, Q., 2019. Adsorption and degradation in the
removal of nonylphenol from water by cells immobilized on biochar. Chemosphere
228, 676-684.

Lu, T., Yuan, H., Wang, Y., Huang, H., Chen, Y., 2016. Characteristic of heavy metals in bio-
char derived from sewage sludge. J. Mat. Cycles Waste Manag. 18 (4), 725-733.

Lu, L., Li, A,, Ji, X., Yang, C., He, S., 2018. Removal of acenaphthene from water by Triton X-
100-facilitated biochar-immobilized Pseudomonas aeruginosa. RSC Adv. 8 (41),
23426-23432.

Ly, L., Yu, W.T., Wang, Y.F., Zhang, K., Zhu, X.M., Zhang, Y.C., Wu, Y.J., Ullah, H., Xiao, X.,
Chen, B.L., 2020. Application of biochar-based materials in environmental remediation:
from multi-level structures to specific devices. Biochar 2, 1-31.

Lu, L., Li, A, Ji, X, He, S., Yang, C., 2021. Surfactant-facilitated alginate-biochar beads em-
bedded with PAH-degrading bacteria and their application in wastewater treatment. En-
viron. Sci. Pollut. Res. 28 (4), 4807-4814.

Lyu, H., Zhang, H., Chu, M., Zhang, C., Tang, J., Chang, S.X., Masek, O., Ok, Y.S., 2022. Bio-
char affects greenhouse gas emissions in various environments: a critical review. Land
Degrad. Dev. 33, 3327-3342.

Maftuah, E., Saleh, M., Pratiwi, E., 2020. The potentials of biochar from agricultural waste as
a carrier material of biofertilizer for swamplands. IOP Conference Series: Materials Sci-
ence and Engineering. IOP Publishing, p. 012064.

Man, K.Y., Chow, K.L., Man, Y.B., Mo, W.Y., Wong, M.H., 2021. Use of biochar as feed supple-
ments for animal farming. Crit. Rev. Environ. Sci. Technol. 51, 187-217.

Manya, J.J., 2012. Pyrolysis for biochar purposes: a review to establish current knowledge
gaps and research needs. Environ. Sci.Technol. 46 (15), 7939-7954.

Mia, S., Dijkstra, F.A., Singh, B., 2017. Long-term aging of biochar: a molecular understanding
with agricultural and environmental implications. Adv. Agron. 141, 1-51.

Novak, J., Ro, K., Ok, Y.S., Sigua, G., Spokas, K., Uchimiya, S., Bolan, N., 2016. Biochars mul-
tifunctional role as a novel technology in the agricultural, environmental, and industrial
sectors. Chemosphere 142, 1-3.


http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0350
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0350
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0350
https://doi.org/10.1139/cjm-2020-0416
https://doi.org/10.1139/cjm-2020-0416
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0360
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0360
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0360
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0360
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0365
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0365
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0370
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0370
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0375
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0375
https://doi.org/10.1016/j.jaap.2021.105043
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0385
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0390
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0390
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0395
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0400
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0400
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0400
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0405
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0405
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0410
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0410
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0415
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0415
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0415
https://doi.org/10.12911/22998993/109078
https://doi.org/10.12911/22998993/109078
https://doi.org/10.21162/PAKJAS/16.4901
http://www.biochar-international.org/characterizationstandard
http://www.biochar-international.org/characterizationstandard
https://doi.org/10.1007/s42770-019-00043-z
https://doi.org/10.1016/s2095-3119(13)60703-0
https://doi.org/10.1016/S1002-0160(15)30058-8
https://doi.org/10.1016/S1002-0160(15)30058-8
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0450
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0450
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0450
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0450
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0455
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0455
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0460
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0460
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0460
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0465
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0465
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0465
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0470
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0470
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0475
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0475
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0475
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0480
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0480
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0485
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0485
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0495
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0495
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0495
https://doi.org/10.1016/j.jenvman.2014.05.042
https://doi.org/10.1016/j.jhazmat.2017.09.040
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0510
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0510
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0515
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0515
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0520
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0520
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0520
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0525
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0525
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0525
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0530
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0530
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0530
https://doi.org/10.1016/S0038-0717(99)00073-5
https://doi.org/10.1016/j.soilbio.2011.04.022
https://doi.org/10.1016/j.soilbio.2011.04.022
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0545
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0545
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0550
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0550
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0555
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0555
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0555
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0565
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0565
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0565
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0570
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0570
https://doi.org/10.1111/sum.12848
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0580
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0580
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0580
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0585
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0585
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0585
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0590
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0590
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0590
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0595
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0595
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0595
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0600
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0600
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0600
https://doi.org/10.1007/s44246-022-00012-6
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0610
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0610
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0610
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0615
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0615
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0615
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0620
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0620
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0625
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0625
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0625
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0630
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0630
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0635
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0635
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0635
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0640
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0640
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0640
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0645
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0645
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0645
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0650
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0650
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0655
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0655
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0660
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0660
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0665
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0665
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0665

S. Bolan et al.

O'Connor, D., Peng, T., Zhang, J., Tsang, D.C., Alessi, D.S., Shen, Z., Bolan, N.S., Hou, D.,
2018. Biochar application for the remediation of heavy metal polluted land: a review
of in situ field trials. Sci. Total Environ. 619, 815-826.

Padhye, L.P., Bandala, E.R., Wijesiri, B., Goonetilleke, A., Bolan, N., 2022. Hydrochar: a prom-
ising step towards achieving a circular economy and sustainable development goals.
Front. Chem. Sci. Eng. 4, 867228.

Palansooriya, K.N., Wong, J.T.F., Hashimoto, Y., Huang, L., Rinklebe, J., Chang, S.X., Bolan,
N., Wang, H., Ok, Y.S., 2019. Response of microbial communities to biochar-amended
soils: a critical review. Biochar 1, 3-22.

Pietikainen, J., Kiikkila, O., Fritze, H., 2000. Charcoal as a habitat for microbes and its effects
on the microbial community of the underlying humus. Oikos 89, 231-242.

Piscitelli, L., Malerba, A.D., Mezzapesa, G.N., Dumontet, S., Mondelli, D., Miano, T., Bruno,
G.L., 2019. Potential microbial remediation of pyrene polluted soil: the role of biochar.
Soil Res. 57 (8). https://doi.org/10.1071/sr19075.

Qiao, K., Tian, W., Bai, J., Wang, L., Zhao, J., Song, T., Chu, M., 2020. Removal of high-
molecular-weight polycyclic aromatic hydrocarbons by a microbial consortium
immobilized in magnetic floating biochar gel beads. Mar. Pollut. Bull. 159, 111489.

Qiu, M.Q., Liu, L.J., Ling, Q., Cai, Y.W., Yu, S.J., Wang, S.Q., Fu, D., Hu, B.W., Wang, X.K.,
2022. Biochar for the removal of contaminants from soil and water: a review. Biochar
4, 19.

Quilliam, R.S., Glanville, H.C., Wade, S.C., Jones, D.L., 2013a. Life in the ‘charosphere’-does
biochar in agricultural soil provide a significant habitat for microorganisms? Soil Biol.
Biochem. 65, 287-293.

Quilliam, R.S., Rangecroft, S., Emmett, B.A., Deluca, T.H., Jones, D.L., 2013b. Is biochar a
source or sink for polycyclic aromatic hydrocarbon (PAH) compounds in agricultural
soils? GCB Bioenergy 5 (2), 96-103.

Rajapaksha, A.U., Chen, S.S., Tsang, D.C.W., Zhang, M., Vithanage, M., Mandal, S., Bolan,
N.S., Ok, Y.S., 2016. Engineered/designer biochar for contaminant removal/immobiliza-
tion from soil and water: potential and implication of biochar modification. Chemosphere
148, 276-291.

Ramakrishna, W., Yadav, R., Li, K., 2019. Plant growth promoting bacteria in agriculture: two
sides of a coin. Appl. Soil Ecol. 138, 10-18.

Rasul, M., Cho, J., Shin, H.S., Hur, J., 2022. Biochar-induced priming effects in soil via mod-
ifying the status of soil organic matter and microflora: a review. Sci. Total Environ. 805,
150304.

Reddy, K.R., Chinthamreddy, S., Saichek, R.E., Cutright, T.J., 2003. Nutrient amendment for
the bioremediation of a chromium-contaminated soil by electrokinetics. Energy Sources
25 (9), 931-943. https://doi.org/10.1080/00908310390221318.

Rousk, J., Badth, E., Brookes, P.C., Lauber, C.L., Lozupone, C., Caporaso, J.G., Knight, R.,
Fierer, N., 2010. Soil bacterial and fungal communities across a pH gradient in an arable
soil. ISME J. 4 (10), 1340-1351.

Saito, M., Marumoto, T., 2002. Inoculation with arbuscular mycorrhizal fungi: the status quo
in Japan and the future prospects. Plant Soil 244 (1), 273-279. https://doi.org/10.1023/
A:1020287900415.

Sakhiya, A.K., Vijay, V.K., Kaushal, P., 2022. Efficacy of rice straw derived biochar for re-
moval of Pb2+ and Zn2+ from aqueous: adsorption, thermodynamic and cost analysis.
Bioresour. Technol. Rep. 17, 100920. https://doi.org/10.1016/j.biteb.2021.100920.

Sarkhot, D.V., Berhe, A.A., Ghezzehei, T., 2012. Impact of biochar enriched with dairy ma-
nure effluent on carbon and nitrogen dynamics. J. Environ. Qual. 41 (4), 1107-1114.
https://doi.org/10.2134/jeq2011.0123.

Sathishkumar, K., Li, Y., Sanganyado, E., 2020. Electrochemical behavior of biochar and its
effects on microbial nitrate reduction: role of extracellular polymeric substances in extra-
cellular electron transfer. Chem. Eng. J. 125077.

Sauer, K., Stoodley, P., Goeres, D.M., Hall-Stoodley, L., Burmglle, M., Stewart, P.S., Bjarnsholt,
T., 2022a. The biofilm life cycle: expanding the conceptual model of biofilm formation.
Nat. Rev. Microbiol. 20 (10), 608-620.

Sauer, K., Stoodley, P., Goeres, D.M., Hall-Stoodley, L., Burmglle, M., Stewart, P.S., Bjarnsholt,
T., 2022b. The biofilm life cycle: expanding the conceptual model of biofilm formation.
Nat. Rev. Microbiol. 20 (10), 608-620. https://doi.org/10.1038/541579-022-00767-0.

Schoebitz, M., Lopez, M.D., Roldan, A., 2013. Bioencapsulation of microbial inoculants for
better soil-plant fertilization. A review. Agron. Sustain. Dev. 33 (4), 751-765.

Shaheen, S.M., Niazi, N.K., Hassan, N.E.E., Bibi, 1., Wang, H., Tsang, D.C.W., Bolan, N.S.,
Rinklebe, J., 2019. Wood-based biochar for the removal of potentially toxic elements in
water and wastewater: a critical review. Int. Mater. Rev. 64 (4), 216-247. https://doi.
org/10.1080/09506608.2018.1473096.

Shen, Y., Li, H., Zhu, W., Ho, S.-H., Yuan, W., Chen, J., Xie, Y., 2017a. Microalgal-biochar
immobilized complex: a novel efficient biosorbent for cadmium removal from aqueous
solution. Bioresour. Technol. 244, 1031-1038.

Shen, Z., Zhang, Y., Jin, F., McMillan, O., Al-Tabbaa, A., 2017b. Qualitative and quantitative
characterisation of adsorption mechanisms of lead on four biochars. Sci. Total Environ.
609, 1401-1410.

Shen, Z., Fan, X., Hou, D., Jin, F., O'Connor, D., Tsang, D.C., Ok, Y.S., Alessi, D.S., 2019. Risk
evaluation of biochars produced from Cd-contaminated rice straw and optimization of its
production for Cd removal. Chemosphere 233, 149-156.

Shi, R.-y., Hong, Z.-n., Li, J.-y., Jiang, J., Kamran, M.A., Xu, R.-k., Qian, W., 2018. Peanut
straw biochar increases the resistance of two Ultisols derived from different parent mate-
rials to acidification: a mechanism study. J. Environ. Manag. 210, 171-179.

Shi, R.Y., Ni, N., Nkoh, J.N., Li, J.Y., Xu, R.K., Qian, W., 2019. Beneficial dual role of biochars
in inhibiting soil acidification resulting from nitrification. Chemosphere 234, 43-51.
Silber, A., Levkovitch, I., Graber, E., 2010. pH-dependent mineral release and surface proper-
ties of cornstraw biochar: agronomic implications. Environ. Sci. Technol. 44 (24),

9318-9323.

Simiele, M., Sferra, G., Lebrun, M., Renzone, G., Bourgerie, S., Scippa, G.S., Morabito, M.,
Scaloni, A., Trupiano, D., 2021. In-depth study to decipher mechanisms underlying
Arabidopsis thaliana tolerance to metal(loid) soil contamination in association with bio-
char and/or bacteria. Environ. Exp. Bot. 182, 104335.

18

Science of the Total Environment 886 (2023) 163968

Singh, V., Srivastava, V.C., 2022. Transformation of textile dyeing industrial sludge into eco-
nomical biochar for sorption of ofloxacin: equilibrium, kinetic, and cost analysis. Biomass
Convers. Biorefin. https://doi.org/10.1007/513399-022-02554-6.

Six, J., Frey, S., Thiet, R., Batten, K., 2006. Bacterial and fungal contributions to carbon se-
questration in agroecosystems. Soil Sci. Soc. Am. J. 70 (2), 555-569.

Sizmur, T., Fresno, T., Akgiil, G., Frost, H., Moreno-Jiménez, E., 2017. Biochar modification to
enhance sorption of inorganics from water. Bioresour. Technol. 246, 34-47.

Solaiman, Z.M., Blackwell, P., Abbott, L.K., Storer, P., 2010. Direct and residual effect of bio-
char application on mycorrhizal root colonisation, growth and nutrition of wheat. Soil
Res. 48 (7), 546-554.

Song, L., Niu, X., Zhang, N., Li, T., 2021. Effect of biochar-immobilized Sphingomonas sp. PJ2
on bioremediation of PAHs and bacterial community composition in saline soil.
Chemosphere 279, 130427.

Sooriyakumar, P., Bolan, N.S., Kumar, M., Singh, L., Yu, Y., Li, Y., Vithanage, M., Sarkar, B.,
Wang, F., Kirkhami, M.B., Rinklebe, J., Siddique, K.H.M., 2022. Biofilm formation and
its implications on the properties and fate of microplastics in aquatic environments: a re-
view. J. Hazard. Mater. Adv. 6. https://doi.org/10.1016/j.hazadv.2022.100077.

Spokas, K.A., 2010. Review of the stability of biochar in soils: predictability of O: C molar ra-
tios. Carbon Manag. 1 (2), 289-303.

Spokas, K.A., Novak, J.M., Stewart, C.E., Cantrell, K.B., Uchimiya, M., DuSaire, M.G., Ro, K.S.,
2011. Qualitative analysis of volatile organic compounds on biochar. Chemosphere 85
(5), 869-882. https://doi.org/10.1016/j.chemosphere.2011.06.108.

Steinbeiss, S., Gleixner, G., Antonietti, M., 2009. Effect of biochar amendment on soil carbon
balance and soil microbial activity. Soil Biol. Biochem. 41 (6), 1301-1310.

Sumaraj, Xiong, Z., Sarmah, A.J., Padhye, L.P., 2020. Acidic surface functional groups control
chemisorption of ammonium onto carbon materials in aqueous media. Sci. Total Environ.
698, 134193.

Sun, D., Hale, L., Crowley, D., 2016. Nutrient supplementation of pinewood biochar for use as
a bacterial inoculum carrier. Biol. Fertil. Soils 52 (4), 515-522.

Sun, T., Miao, J., Saleem, M., Zhang, H., Yang, Y., Zhang, Q., 2020. Bacterial compatibility
and immobilization with biochar improved tebuconazole degradation, soil microbiome
composition and functioning. J. Hazard. Mater. 398, 122941.

Tao, S., Wu, Z., He, X,, Ye, B.C., Li, C., 2018. Characterization of biochar prepared from cotton
stalks as efficient inoculum carriers for Bacillus subtilis SL-13. Biores. 13 (1), 1773-1786.

Tao, S., Wu, Z., Wei, M., Liu, X., He, Y., Ye, B.C., 2019. Bacillus subtilis SL-13 biochar formula-
tion promotes pepper plant growth and soil improvement. Can. J. Microbiol. 65 (5),
333-342.

Teng, Z., Shao, W., Zhang, K., Yu, F., Huo, Y., Li, M., 2020. Enhanced passivation of lead with
immobilized phosphate solubilizing bacteria beads loaded with biochar/ nanoscale zero
valent iron composite. J. Hazard. Mater. 384, 121505.

Theis, J.E., Rillig, M.C., 2009. Characteristics of biochar: biological properties. In:
Lehmann, Joseph (Eds.), Biochar for Environmental Management. Earthscan,
London, pp. 85-105.

Tomezyk, A., Sokotowska, Z., Boguta, P., 2020. Biochar physicochemical properties: pyrolysis
temperature and feedstock kind effects. Rev. Environ. Sci. Biotechnol. 19, 191-215.
Tran, H.N., You, S.J., Hosseini-Bandegharaei, A., Chao, H.P., 2017. Mistakes and inconsis-
tencies regarding adsorption of contaminants from aqueous solutions: a critical review.

Water Res. 120, 88-116.

Tu, C., Wei, J., Guan, F., Liu, Y., Sun, Y., Luo, Y., 2020. Biochar and bacteria inoculated bio-
char enhanced Cd and Cu immobilization and enzymatic activity in a polluted soil. Envi-
ron. Int. 137, 105576.

Udeigwe, T K., Eze, P.N., Teboh, J.M.,, Stietiya, M.H., 2011. Application, chemistry, and envi-
ronmental implications of contaminant-immobilization amendments on agricultural soil
and water quality. Environ. Intern. 37 (1), 258-267. https://doi.org/10.1016/j.envint.
2010.08.008.

Van Wesenbeeck, S., Prins, W., Ronsse, F., Antal Jr., M., J., 2014. Sewage sludge carbonization
for biochar applications. Fate Heavy Metals. Energy Fuels 28 (8), 5318-5326.

Vanek, S., Thies, J., Wang, B., Hanley, K., Lehmann, J., 2016. Pore-size and water activity ef-
fects on survival of Rhizobium tropici in biochar inoculant carriers. J. Microb. Biochem.
Technol. 8, 296-306.

Vasilieva, S., Lobakova, E., Grigoriev, T., Selyakh, I., Semenova, L., Chivkunova, O.,
Gotovtsev, P., Antipova, C., Zagoskin, Y., Scherbakov, P., Lukyanov, A., Lukanina, K.,
Solovchenko, A., 2021. Bio-inspired materials for nutrient biocapture from wastewater:
microalgal cells immobilized on chitosan-based carriers. J. Water Process. Eng. 40,
101774.

Vassileva, M., Flor-Peregrin, E., Malusj, E., Vassilev, N., 2020. Towards better understanding
of the interactions and efficient application of plant beneficial prebiotics, probiotics,
postbiotics and synbiotics. Front. Plant Sci. 11, 1068.

Vessey, J.K., 2003. Plant growth promoting rhizobacteria as biofertilizers. Plant Soil 255 (2),
571-586.

Vikrant, K., Kim, K.H., Peng, W, Ge, S., Ok, Y.S., 2020. Adsorption performance of standard
biochar materials against volatile organic compounds in air: a case study using benzene
and methyl ethyl ketone. Chem. Eng. J. 387, 123943.

Vithanage, M., Herath, 1., Joseph, S., Bundschuh, J., Bolan, N.S., Ok, Y.S., Rinklebe, J., 2017.
Interaction of arsenic with biochar in soil and water: a critical review. Carbon 113,
219-230.

Wahla, A.Q., Anwar, S., Mueller, J.A., Arslan, M., Igbal, S., 2020. Immobilization of
metribuzin degrading bacterial consortium MB3R on biochar enhances bioremediation
of potato vegetated soil and restores bacterial community structure. J. Hazard. Mater.
390, 121493.

Wang, T., Ren, H.S.X., Li, B., Mao, H., 2017. Evaluation of biochars from different stock ma-
terials as carriers of bacterial strain for remediation of heavy metal-contaminated soil.
Sci. Rep. 7 (12114), 1-10.

Wang, T., Ren, H.S.X., Li, B., Maob, H., 2018. Adsorption of heavy metals from aqueous solu-
tion by UV-mutant Bacillus subtilis loaded on biochars derived from different stock mate-
rials. Ecotoxicol. Environ. Saf. 148, 285-292.


http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0670
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0670
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0675
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0675
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0675
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0685
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0685
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0690
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0690
https://doi.org/10.1071/sr19075
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0700
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0700
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0700
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0705
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0705
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0710
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0710
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0710
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0715
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0715
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0715
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0720
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0720
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0720
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0725
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0725
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0730
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0730
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0730
https://doi.org/10.1080/00908310390221318
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0740
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0740
https://doi.org/10.1023/A:1020287900415
https://doi.org/10.1023/A:1020287900415
https://doi.org/10.1016/j.biteb.2021.100920
https://doi.org/10.2134/jeq2011.0123
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0760
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0760
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0760
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0765
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0765
https://doi.org/10.1038/s41579-022-00767-0
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0775
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0775
https://doi.org/10.1080/09506608.2018.1473096
https://doi.org/10.1080/09506608.2018.1473096
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0785
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0785
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0785
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0790
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0790
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0790
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0795
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0795
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0795
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0800
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0800
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0800
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0805
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0805
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0810
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0810
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0810
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0815
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0815
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0815
https://doi.org/10.1007/s13399-022-02554-6
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0825
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0825
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0830
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0830
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0835
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0835
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0835
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0840
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0840
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0840
https://doi.org/10.1016/j.hazadv.2022.100077
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0850
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0850
https://doi.org/10.1016/j.chemosphere.2011.06.108
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0860
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0860
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0865
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0865
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0865
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0870
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0870
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0875
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0875
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0875
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0880
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0880
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0885
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0885
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0885
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0890
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0890
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0890
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0895
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0895
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0895
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0900
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0900
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0905
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0905
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0905
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0910
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0910
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0910
https://doi.org/10.1016/j.envint.2010.08.008
https://doi.org/10.1016/j.envint.2010.08.008
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0920
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0920
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0925
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0925
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0925
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0930
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0930
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0930
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0935
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0935
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0935
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0940
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0940
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0945
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0945
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0945
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0950
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0950
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0955
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0955
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0955
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0955
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0960
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0960
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0960
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0965
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0965
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0965

S. Bolan et al.

Wang, C., Gu, L., Ge, S., Liu, X., Zhang, X., Chen, X., 2019a. Remediation potential of
immobilized bacterial consortium with biochar as carrier in pyrene-Cr (VI) co-
contaminated soil. Environ. Technol. 40 (18), 2345-2353.

Wang, Y., Zhang, W., Shang, J., Shen, C., Joseph, S.D., 2019b. Chemical aging changed aggre-
gation kinetics and transport of biochar colloids. Environ. Sci. Technol. 53 (14),
8136-8146.

Wang, L.W., Ok, Y.S., Tsang, D.C.W., Alessi, D.S., Rinklebe, J., Wang, H.L., Masek, O., Hou,
R.J., O’Connor, D., Hou, D.Y., 2020a. New trends in biochar pyrolysis and modification
strategies: feedstock, pyrolysis conditions, sustainability concerns and implications for
soil amendment. Soil Use Manag. 36, 358-386.

Wang, W., Zhao, L., Cao, X., 2020b. The microorganism and biochar-augmented bioreactive
top-layer soil for degradation removal of 2,4-dichlorophenol from surface runoff. Sci.
Total Environ. 733. https://doi.org/10.1016/j.scitotenv.2020.139244.

Wang, L., Bolan, N.S., Tsang, D.C., Hou, D., 2020c. Green immobilization of toxic metals using
alkaline enhanced rice husk biochar: effects of pyrolysis temperature and KOH concentra-
tion. Sci. Total Environ. 720, 137584.

Wang, L., Liu, T., Chen, S., Quan, X., 2021. Enhancing the treatment of petrochemical waste-
water using redox mediator suspended biofilm carriers. Biochem. Eng. J. 173. https://
doi.org/10.1016/j.bej.2021.108087.

Wang, J., Zhao, S., Ling, Z., Zhou, T., Liu, P., Li, X., 2021a. Enhanced removal of trivalent
chromium from leather wastewater using engineered bacteria immobilized on magnetic
pellets. Sci. Total Environ. 775, 145647.

Wang, L., Chen, H., Wu, J., Huang, L., Brookes, P.C., Rodrigues, J.L.M., Xu, J., Liu, X., 2021b.
Effects of magnetic biochar-microbe composite on Cd remediation and microbial re-
sponses in paddy soil. J. Hazard. Mater. 414, 125494.

Wang, Y., Su, J., Ali, A., Chang, Q., Bai, Y., Gao, Z., 2022. Enhanced nitrate, manganese, and
phenol removal by polyvinyl alcohol/sodium alginate with biochar gel beads
immobilized bioreactor: performance, mechanism, and bacterial diversity. Bioresour.
Technol. 348, 126818.

Wang, L., Huang, J., Li, G., Luo, J., Bolan, N.S., Hou, D., 2022a. Long-term immobilization of
soil metalloids under simulated aging: experimental and modeling approach. Sci. Total
Environ. 806, 150501.

Wang, L., Liu, H., Li, H,, Yang, A., Zhang, Z., Wang, L., 2022b. Effects of biochar addition on
greenhouse gas emissions during freeze-thaw cycles in a black soil region, Northeast
China. Soil Use Manag. https://doi.org/10.1111/sum.12858.

Wang, L., Ok, Y.S., Tsang, D.C., Alessi, D.S., Rinklebe, J., Masek, O., Bolan, N.S., Hou, D.,
2022c. Biochar composites: emerging trends, field successes and sustainability implica-
tions. Soil Use Manag. 38 (1), 14-38.

Wang, X., Zhang, P., Wang, C., Jia, H., Shang, X., Tang, J., Sun, H., 2022d. Metal-rich
hyperaccumulator-derived biochar as an efficient persulfate activator: role of intrinsic
metals (Fe, Mn and Zn) in regulating characteristics, performance and reaction mecha-
nisms. J. Hazard. Mater. 424, 127225.

Warnock, D.D., Lehmann, J., Kuyper, T.W., Rillig, M.C., 2007. Mycorrhizal responses to bio-
char in soil — concepts and mechanisms. Plant Soil 300 (1), 9-20. https://doi.org/10.
1007/511104-007-9391-5.

Wildman, J., Derbyshire, F., 1991. Origins and functions of macroporosity in activated car-
bons from coal and wood precursors. Fuel 70 (5), 655-661.

Wong, J.T.F., Chow, K.L., Chen, X.W., Ng, CW.W., Wong, M.H., 2022. Effects of biochar on
soil water retention curves of compacted clay during wetting and drying. Biochar 4, 4.

Woolf, D., Amonette, J.E., Street-Perrott, F.A., Lehmann, J., Joseph, S., 2010. Sustainable bio-
char to mitigate global climate change. Nat. Commun. 1, 1-9.

Wu, P., Wang, Z.Y., Bolan, N.S., Wang, H.L., Wang, Y.J., Chen, W.F., 2021a. Visualizing the
development trend and research frontiers of biochar in 2020: a scientometric perspective.
Biochar 3, 419-436.

Wu, P., Wang, Z., Bhatnagar, A., Jeyakumar, P., Wang, H., Wang, Y., Li, X., 2021b.
Microorganisms-carbonaceous materials immobilized complexes: synthesis, adaptability
and environmental applications. J. Hazard. Mater. 416, 125915.

Wu, C,, Zhi, D., Yao, B, Zhou, Y., Yang, Y., Zhou, Y., 2022. Immobilization of microbes on bio-
char for water and soil remediation: a review. Environ. Res. 212, 113226.

Xu, Y., Chen, B., 2013. Investigation of thermodynamic parameters in the pyrolysis conver-
sion of biomass and manure to biochars using thermogravimetric analysis. Bioresour.
Technol. 146, 485-493.

Xu, L., Geelen, D., 2018. Developing biostimulants from agro-food and industrial by-products.
Front. Plant Sci. 9, 1567.

Yakup Arica, M., Arpa, G., Ergene, A., Bayramoglu, G., Geng, O., 2003. Ca-alginate as a sup-
port for Pb(II) and Zn(II) biosorption with immobilized Phanerochaete chrysosporium.
Carbohydr. Polym. 52 (2), 167-174. https://doi.org/10.1016/50144-8617(02)00307-7.

19

Science of the Total Environment 886 (2023) 163968

Yang, J., Kloepper, J.W., Ryu, C.M., 2009. Rhizosphere bacteria help plants tolerate abiotic
stress. Trends Plant Sci. 14 (1), 1-4.

Yang, Y.W., Duan, X.Y., Jiang, J., Xu, X., Tang, M.Z., 2020a. Immobilization of cold-resistant
mixed bacteria and its application in sequencing batch reactor wastewater treatment.
Appl. Ecol. Environ. Res. 18 (1), 515-529.

Yang, M., Zhang, H., Ni, J., Chen, W., Yang, L., Wei, R., 2020b. Effect of cadmium on pyrene
biodegradation in solution and soil using free and immobilized Escherichia sp. on biochar.
Appl. Soil Ecol. 150, 103472.

Yang, X., Wang, L., Guo, J., Wang, H., Masek, O., Wang, H., Bolan, N.S., Alessi, D.S., Hou, D.,
2022. Aging features of metal (loid) s in biochar-amended soil: effects of biochar type and
aging method. Sci. Total Environ. 815, 152922.

Youngwilai, A., Kidkhunthod, P., Jearanaikoon, N., Chaiprapa, J., Supanchaiyamat, N., Hunt,
A.J., Ngernyen, Y., Ratpukdi, T., Khan, E., Siripattanakul-Ratpukdi, S., 2020. Simulta-
neous manganese adsorption and biotransformation by Streptomyces violarus strain
SBP1 cell-immobilized biochar. Sci. Total Envir. 713, 136708.

Yuan, J.H., Xu, R.K.,, 2011. The amelioration effects of low temperature biochar generated
from nine crop residues on an acidic Ultisol. Soil Use Manag. 27 (1), 110-115.

Zhang, S., Wang, J., 2021. Removal of chlortetracycline from water by Bacillus cereus
immobilized on Chinese medicine residues biochar. Environ. Technol. Innov. 24, 101930.

Zhang, X.K., Wang, H.L., He, L.Z., Lu, K.P., Sarmah, A., Li, J.W., Bolan, N., Pei, J.C., Huang,
H.G., 2013. Using biochar for remediation of soils contaminated with heavy metals and
organic pollutants. Environ. Sci. Pollut. Res. 20, 8472-8483.

Zhang, J., Li, J., Ye, D., Zhu, X, Liao, Q., Zhang, B., 2014. Tubular bamboo charcoal for anode
in microbial fuel cells. J. Power Sources 272, 277-282.

Zhang, Z., Zhu, Z., Shen, B., Liu, L., 2019a. Insights into biochar and hydrochar production
and applications: a review. Energy 171, 581-598.

Zhang, B., Zhang, L., Zhang, X., 2019b. Bioremediation of petroleum hydrocarbon-
contaminated soil by petroleum-degrading bacteria immobilized on biochar. RSC Adv.
9 (60), 35304-35311.

Zhang, A., Li, X., Xing, J., Xu, G., 2020a. Adsorption of potentially toxic elements in water by
modified biochar: a review. J. Environ. Chem. Eng. 8 (4), 104196.

Zhang, C., Li, J., Wu, X,, Long, Y., An, H,, Pan, X., Li, M., Dong, F., Zheng, Y., 2020b. Rapid
degradation of dimethomorph in polluted water and soil by Bacillus cereus WLO8
immobilized on bamboo charcoal-sodium alginate. J. Hazard. Mater. 398, 122806.

Zhang, W., Shen, J., Zhang, H., Zheng, C., Wei, R., Gao, Y., Yang, L., 2021. Efficient nitrate
removal by Pseudomonas mendocina GL6 immobilized on biochar. Biores. Technol. 320.

Zhang, X., Gong, Z., Allinson, G., Li, X., Jia, C., 2022. Joint effects of bacterium and biochar in
remediation of antibiotic-heavy metal contaminated soil and responses of resistance gene
and microbial community. Chemosphere 299, 134333.

Zhao, L., Xiao, D., Liu, Y., Xu, H., Nan, H., Li, D., Kan, Y., Cao, X., 2020. Biochar as simulta-
neous shelter, adsorbent, pH buffer, and substrate of Pseudomonas citronellolis to promote
biodegradation of high concentrations of phenol in wastewater. Water Res. 172, 115494.

Zhao, C., Hu, L., Zhang, C., Wang, S., Wang, X., Huo, Z., 2021. Preparation of
biocharinterpenetrated iron-alginate hydrogel as a pH-independent sorbent for removal
of Cr (VI) and Pb(II). Environ. Pollut. 287, 117303.

Zhao, Y., Wang, X., Yao, G., Lin, Z., Xu, L., Jiang, Y., Jin, Z., Shan, S., Ping, L., 2022. Advances
in the effects of biochar on microbial ecological function in soil and crop quality. Sustain-
ability 14, 10411. https://doi.org/10.3390/5u141610411.

Zheng, B.X., Ding, K., Yang, X.R., Wadaan, M.A.M., Hozzein, W.N., Pefuelas, J., Zhu, Y.G.,
2019. Straw biochar increases the abundance of inorganic phosphate solubilizing bacte-
rial community for better rape (Brassica napus) growth and phosphate uptake Sci. Total
Environ. https://doi.org/10.1016/j.scitotenv.2018.07.454.

Zheng, Z., Ali, A, Su, J., Fan, Y., Zhang, S., 2021. Layered double hydroxide modified biochar
combined with sodium alginate: a powerful biomaterial for enhancing bioreactor perfor-
mance to remove nitrate. Bioresour. Technol. 323, 124630.

Zheng, X., Xu, W., Dong, J., Yang, T., Shangguan, Z., Qu, J., Li, X., Tan, X., 2022. The effects of
biochar and its applications in the microbial remediation of contaminated soil: a review.
J. Hazard. Mater. 438, 129557.

Zhong, Y., Igalavithana, A.D., Zhang, M., Li, X., Rinklebe, J., Hou, D., Tack, F.M., Alessi, D.S.,
Tsang, D.C., Ok, Y.S., 2020. Effects of aging and weathering on immobilization of trace
metals/metalloids in soils amended with biochar. Environ. Sci. Process Impacts 22 (9),
1790-1808.


http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0970
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0970
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0970
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0975
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0975
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0975
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0980
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0980
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf0980
https://doi.org/10.1016/j.scitotenv.2020.139244
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf1000
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf1000
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf1000
https://doi.org/10.1016/j.bej.2021.108087
https://doi.org/10.1016/j.bej.2021.108087
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf1010
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf1010
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf1010
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf1015
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf1015
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf1020
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf1020
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf1020
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf1020
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf1025
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf1025
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf1025
https://doi.org/10.1111/sum.12858
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf1035
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf1035
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf1040
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf1040
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf1040
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf1040
https://doi.org/10.1007/s11104-007-9391-5
https://doi.org/10.1007/s11104-007-9391-5
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf1050
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf1050
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf1055
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf1055
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf1060
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf1060
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf1065
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf1065
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf1065
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf1070
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf1070
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf1075
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf1075
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf1080
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf1080
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf1080
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf1085
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf1085
https://doi.org/10.1016/S0144-8617(02)00307-7
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf1095
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf1095
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf1100
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf1100
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf1100
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf1105
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf1105
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf1105
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf1110
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf1110
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf1115
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf1115
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf1115
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf1120
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf1120
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf1125
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf1125
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf1130
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf1130
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf1135
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf1135
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf1140
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf1140
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf1145
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf1145
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf1145
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf1150
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf1150
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf1155
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf1155
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf1155
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf1160
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf1160
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf1165
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf1165
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf1165
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf1170
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf1170
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf1170
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf1175
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf1175
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf1175
https://doi.org/10.3390/su141610411
https://doi.org/10.1016/j.scitotenv.2018.07.454
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf1190
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf1190
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf1190
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf1195
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf1195
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf1195
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf1200
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf1200
http://refhub.elsevier.com/S0048-9697(23)02589-5/rf1200

	The potential of biochar as a microbial carrier for agricultural and environmental applications
	1. Introduction
	2. Synthesis and characteristics of biochar
	3. Immobilization of microbes in biochar
	3.1. Microbial immobilization processes
	3.2. Factors affecting immobilization
	3.3. Modification of biochar for enhanced microbial immobilization

	4. Agricultural application of microbial-immobilized biochar
	5. The utilization of microbe-immobilized biochar for environmental purposes
	6. Economic feasibility and unintended consequences of the application of microbial-immobilized biochar
	7. Summary and conclusions
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgement
	Appendix A. Supplementary data
	References




