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ABSTRACT: The contamination of soil with organic pollutants has been
accelerated by agricultural and industrial development and poses a major
threat to global ecosystems and human health. Various chemical and physical
techniques have been developed to remediate soils contaminated with
organic pollutants, but challenges related to cost, efficacy, and toxic
byproducts often limit their sustainability. Fortunately, phytoremediation,
achieved through the use of plants and associated microbiomes, has shown
great promise for tackling environmental pollution; this technology has been
tested both in the laboratory and in the field. Plant−microbe interactions
further promote the efficacy of phytoremediation, with plant growth-
promoting bacteria (PGPB) often used to assist the remediation of organic
pollutants. However, the efficiency of microbe-assisted phytoremediation can
be impeded by (i) high concentrations of secondary toxins, (ii) the absence
of a suitable sink for these toxins, (iii) nutrient limitations, (iv) the lack of
continued release of microbial inocula, and (v) the lack of shelter or porous habitats for planktonic organisms. In this regard, biochar
affords unparalleled positive attributes that make it a suitable bacterial carrier and soil health enhancer. We propose that several
barriers can be overcome by integrating plants, PGPB, and biochar for the remediation of organic pollutants in soil. Here, we explore
the mechanisms by which biochar and PGPB can assist plants in the remediation of organic pollutants in soils, and thereby improve
soil health. We analyze the cost-effectiveness, feasibility, life cycle, and practicality of this integration for sustainable restoration and
management of soil.
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1. INTRODUCTION
The extensive use of pesticides, organic solvents, pharmaceut-
icals, and other chemicals has resulted in the distribution of
organic pollutants throughout global ecosystems.1,2 Organic
pollutants are mainly the products and byproducts of
anthropogenic processes. They include polychlorinated
biphenyls,3 poly- and per-fluoroalkyl substances,2 pesticides,4

polycyclic aromatic hydrocarbons (PAHs), petroleum-based
hydrocarbons,5 polybrominated diphenyl ethers,6 dibenzofur-
ans, dioxins,7 and pharmaceuticals and personal care products.8

These toxicants can pass from prey to predator through the
food chain. Their unique physical and chemical properties
enable them to persist in the environment and travel long
distances from the point of release.9−11 Exposure to organic
pollutants can result in significant health risks for humans,
including cancer, congenital abnormalities, obesity, damage to
the central and peripheral nervous system, disruption of
immune, endocrine, and reproductive systems, diabetes,
allergies, and increased vulnerability to infections.12−14

Many techniques (including chemical, physical, electrical,
biological, electrochemical, and physicochemical) have been
developed to remediate organic pollutants in soils that may
require sophisticated infrastructure and/or result in incomplete
removal or generate hazardous secondary wastes. For example,
in situ chemical oxidation is thought to be a quick and effective
way to remove organic pollutants from contaminated environ-
ments,4,15 but it is costly and often results in undesirable
harmful oxidation products that can further damage the
environment. The application of strong oxidizing agents also
poses serious health risks to the people handling them. Thus,
alternatives or complementary techniques that are less “hands
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on”, more affordable, safe, and sustainable and provide more
complete remediation are desirable. Such alternatives should
promote the development of the circular economy and support
biodiversity and functioning of the surrounding ecosystems.
Moreover, as the world strives to resolve the climate change
crisis, the use of renewable resources for remediating
contaminated soils in a climate-smart manner should also be
emphasized. Fortunately, the possibility of using natural
renewable resources and/or their products for pollutant
remediation is in line with these requirements. For this reason,
the application of plants, microorganisms, or biochar to
contain, transform, and/or degrade organic pollutants has
received more attention in recent years.10,16−18 However, each
renewable resource (i.e., plants, microorganisms, and biochar)
has its own set of limitations when used separately to
remediate contaminated soils, necessitating comprehensive
research of the potential of their combined use for pollutant
remediation.
Various authors have reviewed the potential use of these

renewable resources for remediating organic pollutants in
contaminated environments, focusing only on biochar,19

microorganisms,20 plants,21 or a combination of two of them
such as biochar and microorganisms,22 plants and biochar,23

and plants and microorganisms.24 However, biochar−bacte-
rium−plant partnerships for the remediation of organic
pollutants in soils have received little attention. The
complementarity that exists among the multifunctional values
of biochar, plants, and bacteria for environmental management
deserves closer attention as a strategy for controlling soil
pollution, improving soil health, and maximizing ecological
sustainability. In this review, we discuss both direct and
indirect mechanisms by which biochar and plant growth-
promoting bacteria (PGPB) can promote phytoremediation of
organic pollutants in soils and analyze the social, economic,
and environmental implications of this integration.

2. PHYTOREMEDIATION OF ORGANIC POLLUTANTS:
MECHANISMS AND LIMITATIONS

Phytoremediation uses various types of plants for the removal,
transfer, degradation, and containment of hazardous pollutants
in soils, surface waters, and groundwater.10,25 Plants normally
take up organic pollutants from the soil via their root system,
often only in small amounts, and transport them into different
tissues, where they can be stored, stabilized, degraded, or
volatilized.26 The root cell walls filter organic compounds,
preventing compounds over a certain size from entering or
leaving the roots.27 Organic compounds with a molecular mass
of <1000 g mol−1 can be readily absorbed by plants.28

However, damage to roots can result in the uptake of organics
with molecular masses of ≤20 000 g mol−1.29,30 The
phytoremediation of organic pollutants can be classified mainly
into (1) phytoextraction (or phytoaccumulation), in which
plants extract pollutants from the soil via roots and translocate
them to their harvestable parts, (2) phytodegradation, also
known as phytotransformation, in which organic pollutants are
broken down into nontoxic products through metabolic
processes within the plants, and (3) phytovolatilization,
which is a process by which plants absorb organic pollutants
from soils and release them into the atmosphere through
transpiration in volatile forms (Figure 4). It should be noted
that phytoaccumulation approaches require a plan for the safe
disposal and/or valorization of potentially contaminated
biomass.

In addition to the phytoremediation mechanisms described
above, phytoremediation processes may be mediated by plant
roots outside plant tissues. Roots can secrete a range of
enzymes capable of degrading organic pollutants directly17

and/or exude carbon-rich rhizodeposits, which facilitate root
colonization and sustain communities of beneficial micro-
organisms capable of transforming organic pollutants, in a
process termed phytoremediation ex planta.31 These rhizode-
posits consist of low-molecular weight organic compounds,
including amino acids, organic acids, sugars, and phenolics that
are used as an energy source for rhizosphere microbial
communities, including those with plant growth-promoting
and pollutant-degrading activities.32 Meanwhile, high-molec-
ular weight organic compounds, such as mucilage and proteins,
may alter the chemical and physical properties of soil, which
enhance root−soil interactions and facilitate the movement of
roots through the soil.32,33

Knowledge about a specific contaminated site is vital for the
successful phytoremediation of organic pollutants. The
pollutant’s physicochemical properties such as volatility,
solubility in water, the octanol−water and octanol−air
partition coefficients, and specific toxicities are more obvious
primary concerns that interact with plant characteristics,
including morphology, lipid content, and physiology of root
and shoot systems.34,35 Factors that influence pollutant uptake
and root interactions are also vital, including soil pH, porosity,
temperature, bulk density, hydrodynamics, the richness,
composition, structure, interactions, and function of microbial
communities within soil patches, mineral quality, and organic
matter availability. However, phytoremediation is subject to
the following constraints. (1) Xenobiotic organic compounds
need to be in the proximity of the root zone of plants used for
phytoremediation, and (2) high concentrations of bioavailable
toxins in soil inhibit plant growth. The abilities of several plant
species to decontaminate organic pollutants have been
explored. Plants known to absorb and accumulate organic
pollutants include maize (Zea mays L.), sunflower (Helianthus
annuus),36 switchgrass (Panicum virgatum),37 hybrid poplar
trees (Populus tremula × Populus alba),38 tobacco (Nicotiana
tabacum),6 and rice (Oryza sativa) among others, as reviewed
by Afzal et al.17 Others have been found to take up, translocate,
and volatilize organic pollutants, including willow (Salix
viminalis), alfalfa (Medicago sativa L.), bald cypress (Taxodium
distichum), weeping willow (Salix babylonica), and common
reed (Phragmites australis).39

Whether hyperaccumulation or rhizodegradation is the
target, an extensive root system is key.40 Root biomass and
root length strongly influence the efficiency of the phytor-
emediation process and have previously been found to be
positively correlated with the ability of a plant to transport and
concentrate pollutants from the soil into the harvestable
aboveground shoots.41 However, some studies have shown that
most organic pollutants impair root growth and the develop-
ment of plants.42−44 Plants do not achieve high biomass yields
in heavily polluted soils, which affects the bioaccumulation of
pollutants and the economic return of a phytoremediation
project. In addition, toxic chemicals can interfere with the
availability of essential plant nutrients in the soil, again
restricting plant growth.45 Previously pristine soils that become
contaminated are typically low in other nutrients; hence,
external input of bioavailable nutrients will help remove limits
to phytoremediation but should be well contained within the
contaminated area. Alternatively, plants with established
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symbioses with nutrient-acquiring bacteria can make up for
this nutrient deficit.

3. PGPB-ASSISTED PHYTOREMEDIATION OF
ORGANIC POLLUTANTS

PGPB with pollutant-degrading activities can be especially
useful for revitalizing organic pollutant-contaminated soils.46

Many bacterial species in genera such as Rhizobium,5

Klebsiella,47 Pseudomonas,48 Acinetobacter and Alcaligenes,46

and Bacillus49 are known to improve plant growth and health
and enable plants to withstand and remediate environmental
pollutants. For instance, Singha et al.46 observed a 19.1%
increase in shoot length in rice seedlings treated with
Pseudomonas aeruginosa, while rice seedling root length
increased by 26.5% upon treatment with Klebsiella pneumoniae
in pyrene-contaminated soil.
In addition to their beneficial impacts on plant growth and

development (as discussed in section 7), many PGPB can
transform organic pollutants, such as petroleum hydro-
carbons,50 polychlorinated biphenyls,3 PAHs,46 and pesti-
cides,51,52 into nontoxic products or minerals. Petroleum-
degrading rhizospheric bacteria, such as Bacillus thurigiensis,
Bacillus pumilus, and Rhodococcus hoagii, isolated from the
rhizosphere of Panicum aquaticum Poir53 also exhibit plant
growth-promoting activities.54−57 As observed in different
laboratory and field studies, plant−bacterium partnerships may
provide promising approaches for the remediation of organic
pollutants and restoration of ecological functions of contami-
nated environments (Table S2).
The primary factor promoting microbial colonization and

interaction with plants in the rhizosphere is the sustained
release of root exudates, providing labile carbon and signaling
cues that trigger plant−microbe interactions.58,59 However,
toxic chemicals under soil and plant growth conditions can
alter the composition and quantity of root exudates, thereby
affecting the colonization and activity of microorganisms in the
rhizosphere.60,61 Additionally, when introduced into the soil
from the external environment, microorganisms frequently fail
to exert their beneficial effects, possibly due to a lack of
favorable habitat for their growth and the poor fitness of
laboratory-grown inoculants to compete with indigenous
microbial communities in polluted soils.62,63 Therefore, while
it is vital to select robust and competitive PGPB on a site-
specific basis, there is a real need to develop a microbial carrier
capable of providing a suitable habitat for microbial growth
and propagules. Furthermore, one that reduces pollutant
mobility and toxicity and improves soil quality (enhancing the
growth and metabolic activities of plants) would be highly
beneficial for the remediation of organic pollutants in soils.

4. IDENTIFYING PGPB FOR SOIL REMEDIATION
To establish a robust and functional microbial inoculant for
soil remediation, it is important to understand how micro-
organisms interact. While many studies of PGPB-assisted
phytoremediation are often based on culture-dependent
monocultures (Table S3), this is not reflective of the condition
that prevails in nature, where taxonomically and metabolically
diverse microorganisms live in multispecies biofilms,64 either
cooperating or competing with one another for resources.65

Another drawback is that only <1% of microorganisms in the
natural environment are thought to be culturable.66,67

Previous studies indicated that microbial strains with high
pollutant degrading activity under controlled laboratory
conditions might have low efficiencies and survival rates in
field-scale bioremediations.67,68 Su et al.69 further confirmed
the presence of viable but nonculturable bacteria in
contaminated natural environments. In alignment with this,
the identification and selection of functional “culturable”
organisms that integrate well with non-culturable communities
have been performed at the site to be remediated. With recent
advances in high-throughput molecular technologies, the
development of culture-independent methods provides a
platform for linking microbial community structure, inter-
actions, and system function that may help in designing
“robust” and “predictable” multispecies PGPB-based biofilms
for better plant growth and soil remediation.70

A logical progression in the development of microbial
consortia that are sympathetic to the receiving ecosystem is to
become more accommodating of the microbial diversity
already present at the site needing remediation. This will
involve using site-specific metagenomics and other omics
technologies to gain a holistic view of microbial diversity and
metabolic potential in the affected environment, helping to
better understand how inocula can better complement the
preexisting community. In addition to increasing the chances
of creating an effective, cooperative, and stable biofilm, this
approach will minimize unforeseen impacts on local
ecosystems but maximize the sustainability of PGPB-assisted
phytoremediation through cooperation.

5. BIOCHAR FOR THE DELIVERY OF PGPB
Traditional methods for delivering specific microbiota into
soils often compromise inocula, mainly due to desiccation
before microbes can fully colonize the contaminated soil.71

Therefore, numerous novel carrier systems have been
developed to improve the survival and distribution of microbial
inoculants, many of which are rhizobia.72−74 Although
currently available carriers are highly effective in improving
the survival and effectiveness of inoculants, some of them are
costly and not available worldwide. Peat and vermiculite, for
example, are not available worldwide, and their extraction,
manufacture, and transport harm the environment by
accelerating the return of terrestrially sequestered carbon
into the atmosphere. The Wildlife Trusts recently found that
the use of peat in UK horticulture alone may have accelerated
the emission (by hundreds to thousands of years) of up to 31
million tons of CO2 into the atmosphere since 1990.75

However, this figure excludes the even more concerning
emissions from fossil fuels (formerly stable for millions of
years) used in bagging and distribution. In this regard, a more
affordable material with properties similar or superior to those
of existing carriers would be advantageous. One that can
reverse the trend of increasing atmospheric concentrations of
CO2 would be even better.

Biochar has been lauded as a carrier material to deliver both
nutrients (organic and/or chemical fertilizers) and microbial
inoculants to agricultural soils.76 Biochar is a porous
carbonaceous material produced from the pyrolysis of biomass
at high temperatures ranging from 300 to 900 °C under
oxygen-limited or anoxic conditions.77 First used as a soil
amendment to promote carbon sequestration,78 biochar has
since been shown to be beneficial for a variety of other
purposes, including the enhancement of soil fertility, microbial
growth and activities, and pollution remediation.79 The
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mechanisms through which biochar supports microbial growth
and activities are diverse and are driven by its unique physical
and chemical properties, as reviewed by Zhu et al.80 Briefly, the
provision of a microbial habitat with biochar can be attributed
to its large volume of pores and surface area. Biochar is found
to have a total pore volume and a pore surface area that are
larger than those of most soils, with its total surface area being
∼5 times larger than that of the average soil.81 A large surface
area of biochar can contribute to the improvement of water
retention in soil, allowing biochar to retain moisture in micro-
and mesopore spaces, which in turn keeps microorganisms
hydrated in drying soil.82 Biochar can also positively affect the
growth and activities of microorganisms by increasing the soil
pH and improving aeration.83 Through the sorption of nutrient
cations and anions with its surface functional groups (cation
and anion exchange capacity),84 biochar can retain and supply
nutrients for microbial growth in the soil.
On the basis of these constructive features, many studies

suggest that biochar is suitable for boosting the effectiveness
and shelf life of microbial inoculants in soil.85−87 For example,
when comparing pine bark-derived biochar and sewage sludge-
derived biochar with poultry litter and perlite as the carrier of
Bradyrhizobium strains, Araujo et al.85 found that pine bark-
derived biochar was an optimal carrier, extending the shelf life
of bacteria up to one year. Sashidhar et al.76 and Ajeng et al.86

compiled and discussed studies of various types of biochar
used for inoculant deployment, some of which also reported
enhanced remediation functions.88−90 However, not all

biochars are suitable for use as microbial carriers or soil
conditioners. For instance, biochar with a very high pH, an
excessive amount of ash, and inorganic or organic pollutants
can be toxic and/or have no benefit for halophobic or acid-
loving plants and bacteria.

To better understand the influence of pyrolysis temperature
and feedstock on the physicochemical properties of biochar
and its function as a bacterial carrier and soil conditioner, we
collected data for 249 paired observations from 38 peer-
reviewed studies. The results were used to quantify the linear
(or nonlinear) relationships of biochar surface area, volatile
matter content, pH, and other properties with pyrolysis
temperature and feedstock type (Figure 1). Biochar derived
from lignocellulosic biomass (LB) (e.g., crop residues and
wood residues) showed an increased surface area and porosity
that are beneficial to house soil microbes. In the analysis of
reported data, the average specific surface area of biochars from
wood residues (275.21 m2 g−1) was >4 times that of biochars
from manure (56.03 m2 g−1) (Table S1). However, biochars
from LB suffer from mineral nutrient deficiencies compared to
biochars from nonlignocellulosic biomass (NLB) (e.g., animal
manure and sewage sludge). This may reduce the competitive-
ness of LB-derived biochar in soil that lacks mineral nutrients
to support plant and microbial growth.19 Among the
feedstocks analyzed, wood-derived biochar had the lowest
average nitrogen (1.037%) and sulfur (0.078%) content, much
lower than those of manure-derived biochar (3.16% N and

Figure 1. Dependence of biochar properties on feedstock type and pyrolysis temperature: (a) specific surface area (SSA), (b) volatile matter, (c)
(oxygen + nitrogen)/carbon ratio, and (d) pH. We analyzed data for normality. If the data did not conform to the normal distribution, we used a
natural logarithm (ln) or square root (SQRT) to transform the data. Different colored circles indicate different feedstock types, and the black line is
a general linear regression between biochar properties and pyrolysis temperatures. Panels a and d show an increasing pyrolysis temperature is linked
to an increasing specific surface area and pH, while panels b and c show a negative relationship between the (oxygen + nitrogen)/carbon ratio and
volatile matter content with pyrolysis temperature. Data are from Table S1.
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7.35% S). Nonetheless, fertilizers (chemical or organic) can be
added to biochar after the pyrolysis process.
The drawbacks of biochars from NLB are exacerbated by

pore filling with a large amount of volatile organic matter (40−
80%), which can prevent microbial colonization.91 The large
amount of volatile organic compounds (VOCs) and environ-
mentally persistent free radicals of biochars from NLB can be
toxic to soil microbiota.80 In contrast to lower pyrolysis
temperatures (<400 °C), higher pyrolysis temperatures (>500
°C) result in biochars with a larger surface area and higher
porosity, carbon content, and pH, but lower nitrogen,
hydrogen, oxygen, and surface functional group content,
which can reduce the cation exchange capacity and nutrient
sorption for microbial growth (Figure 1).92 In this regard,
determining the proper feedstock type and pyrolysis temper-
ature requires a balanced and comprehensive understanding of
which combination (high or low temperature and NLB or LB)
is more favorable to produce biochar with desirable properties
to sustain which kinds of microorganisms and for what
applications.
Postpyrolysis modifications of biochar benefit microbial

inoculants through chemical and physical modifications or
supplementation with minerals.93 When using biochar as a

carrier for PGPB, consideration should also be given to the
properties of the soil to which the biochar-based bacterial
inoculant will be applied, as well as the properties of the
bacterial surface and plant growth conditions.94,95 Therefore,
characterizations of the soil, plants, PGPB, and biochar are
important steps for specific agricultural and environmental
applications.76 Given the variability of soil properties and
growth requirements for microorganisms and plants, there are
no universally accepted standards for the application of
biochar; however, as minimum requirements, biochar must
have the following physicochemical characteristics to be
effective as a soil amendment and inoculant carrier: black
carbon, >15% C; surface area, >100 m2 g−1; O/C ratio, <0.4;
H/C ratio, <0.6.96 To prevent additional contamination, the
levels of pollutants (both organic and inorganic) in biochar
must be lower than those found in contaminated soils and
below the limits set by national and international standards.
This may open up opportunities for the use of biochars (in
remediation) that fail to meet the standards required for use in
uncontaminated soils. In addition, before using biochar to
immobilize microbial inoculants, it is very important to
perform toxicity, growth, and metabolism tests to determine
what type of and at what rate biochar is compatible with

Figure 2. Proposed mechanisms by which biochar mediates the remediation of organic pollutants in soil. (a) Free radicals from biochar can react
with O2 to produce •OH and/or activate S2O8

2− or H2O2 to produce reactive oxygen species (•OH, SO4
•−, and O2

•−), which facilitate the
oxidation/degradation of organic pollutants. (b) Organic pollutants can be immobilized in the soil through several interactions with biochar,
including pore filling, electrostatic interaction, partition, electron donor and acceptor interaction, hydrophobic interaction, and π−π electron
donor−acceptor interaction.79,101 The carbonized fraction of biochar mediates adsorption (electrostatic attraction and nonpolar biochar−pollutant
interactions), while the uncarbonized faction of biochar mediates partition.80 (c) With its porous surface, biochar can accommodate soil microbial
communities, immobilize and release enzymes, improve soil processes and functions, and transfer electrons to microorganisms and pollutants,
hence influencing plant and microbial metabolism of organic pollutants in soil.
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particular microorganisms.93 In some cases, biochar may
contain contaminants such as heavy metals, most of which
are introduced from biomass feedstock sources (e.g., plants can
absorb heavy metals from the soil). Some organic contami-
nants (such as PAHs, dioxins, and furans) and environmentally
persistent free radicals can be generated during the pyrolysis
process.97 The presence of these contaminants in biochar can
cause toxicity to microorganisms.80,98 As with any other soil
amendment or microbial carrier, the rate at which biochar is
applied must be determined by comprehensive field and
microbiological compatibility testing.86,99 At present, numer-
ous studies of the bioformulation of biochar as a potential
inoculant carrier for soil application have been undertaken in
laboratory settings,76,86 and there is insufficient field
information to recommend the rate at which biochar should
be used as a microbial carrier for different soil types and plants.

6. BIOCHAR-MEDIATED SOIL REMEDIATION
Biochar has sparked a great deal of interest in the remediation
of soils contaminated with different environmental pollutants
(organics and inorganics) because of its multifunctional value
as a soil amendment in impoverished soils.19,75 Biochar is
involved in the remediation of organic pollutants in soils
through a variety of processes, either directly through the
immobilization of pollutants or indirectly by influencing soil
metabolic activities and degradation (Figure 2). Direct
sorption of organic pollutants to biochar reduces the mobility,
bioavailability, and toxicity of pollutants in soil.100 Organic
pollutants can be immobilized in the soil through a number of
interactions with biochar, including pore filling, electrostatic
interaction, partition, electron donor and acceptor interaction,
hydrophobic interaction, and π−π electron donor−acceptor
interaction (Figure 2b).79,101 The carbonized fraction of
biochar mediates adsorption (electrostatic attraction and
nonpolar biochar−pollutant interactions), while the uncarbon-
ized fraction of biochar mediates partition.80 Both sorption
mechanisms are mainly dependent on the pyrolysis temper-
ature, with partition predominating at low pyrolysis temper-
atures (<400 °C) and adsorption predominating at high
pyrolysis temperatures (>500 °C).102,103

In general, the sorption effectiveness of biochar is
determined by its properties (e.g., porosity, aromaticity,
basicity, specific surface area, and surface functional groups),
as well as those of the organic pollutants (e.g., molecular size
and hydrophobicity) and soil (e.g., organic matter, clay
content, microbial community structure, pH, and texture) in
addition to other environmental factors that govern pollutant
mobility.104−106 The surface area, porosity, aromaticity, and
polarity of biochar are regarded to be the most critical
properties that determine the sorption of organic pollutants
and are influenced by the feedstock type, pyrolytic condition,
and postproduction treatment processes. Increasing the
pyrolysis temperature increases the surface area and the
number of micropores of biochar and improves the sorption of
organic pollutants by pore filling and hydrophobic inter-
action.92 This trend is related to the rate of decomposition of
feedstocks and the amount of volatile matter released during
the carbonization process. For example, pore filling occurs as a
result of the presence of mesopores and micropores on the
biochar surface; volatile compounds filling the micropores are
released at higher pyrolysis temperatures, leaving internal pores
available to both house soil microbiota and sorb organic
pollutants.19,107

In contrast to biochar made from lignocellulosic biomass
(woods and crop residues), those made from NLB (e.g.,
sewage sludge, animal litter, hair, and algae) have smaller
surface areas, lower carbon contents, and higher cation
exchange capacities, even at higher pyrolysis temperatures.
These differences may be related to the content of cellulose,
hemicellulose, and lignin, as well as the level of moisture in the
biomass,108 but the amount of internal air space in the
materials at the onset of pyrolysis is pivotal and contributes to
the creation of pores through partial combustion and providing
a physical route for VOCs to escape. In this regard, it is crucial
to have a balanced and holistic understanding to produce and
apply biochar with desirable properties for soil remediation.

Electrostatic interaction is critical for biochar’s adsorption of
ionic organic pollutants. In addition to hydrophobic moieties,
many biochar surface moieties are also negatively charged,
which may assist the electrostatic binding of cationic organic
pollutants.109,110 The electrostatic interaction depends on the
functional groups of the biochar. Low pyrolysis temperatures
have been shown to produce biochar with more functional
groups than biochar produced at high temperatures.104

Additionally, the hydrophobicity of biochar is critical for the
adsorption of both neutral and hydrophobic organic
contaminants. Biochar with a low degree of surface oxidation
is often hydrophobic and capable of immobilizing hydrophobic
organics through both partitioning and hydrophobic adsorp-
tion.19,111 The aromaticity of both biochar and pollutants is
considered to greatly influence π−π electron donor−acceptor
interactions between biochar and adsorbates, which in turn
may affect the adsorption process.112 The π-electron cloud of
biochar aromatic fragments can noncovalently interact with
anions, cations, proton donor functional groups, and the π-
electron cloud of target aromatic pollutants; therefore, π−π
electron donor−acceptor interaction is thought to be a
dominant mechanism in the sorption of aromatic organics by
biochar.113 Although sorption of organic pollutants to biochar
is a promising strategy for immobilizing organic pollutants in
soil and minimizing their detrimental effects on ecological
functioning, it is not a definitive solution for soil remediation
because adsorbed pollutants may remain in the soil with
possible long-term toxic effects, which requires other strategies
for removing immobilized organic pollutants from the soil.114

Functional biochar can be prepared by chemical and physical
modifications of the raw biochar or by impregnating it with
minerals or (nano)composites, or by supplementing it with
specific microorganisms to increase its sorption or remediation
capacity with respect to specific organic pollutants.79,90,115−117

Direct mechanisms of the removal of pollutants by biochar
may also occur via the degradation of pollutants by the biochar
itself or by biochar-supported (nano)composite materi-
als.115,116 Basically, free radicals generated by biochar can
react with oxygen (O2) to produce hydroxyl radicals (•OH)
and/or activate S2O8

2− or H2O2 to produce reactive oxygen
species [•OH, sulfate radicals (SO4

•−), and superoxide radical
(O2

•−)], which then mediate the oxidation/degradation of
organic pollutants (Figure 2a).118−120 In the presence of
external oxidants, the redox-active part of the biochar can act
as electron carriers, interacting with oxidants and enhancing
the formation of strongly oxidizing free radicals, which are
critical for the degradation of organic pollutants.121 Different
types of biochar, produced from different feedstocks, pyrolyzed
at different temperatures, and/or modified with different
methods, have been used to treat organic pollutants in various
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types of contaminated soil, and their application rate,
dominant mechanisms of action, and efficiencies are
summarized in Table S3. The indirect mechanisms by which
biochar contributes to the degradation of organic pollutants in
soil are illustrated in Figure 2c.

7. BIOCHAR-BASED PGPB: KEY CONSIDERATIONS
FOR PHYTOREMEDIATION
7.1. Biochar-Based PGPB for Mitigation of Nutrient

Deficiency. Microorganisms and biochar improve soil health
and nutrient status in the rhizosphere via different mechanisms
(Figure 3). Of all plant nutrients, nitrogen (N) typically limits

plant growth and development because plant demand is high,
but available forms of N are rapidly denitrified to N2 and N2O
under waterlogged conditions and easily leached (as NO3

−)
under more dynamic conditions.122 However, many bacteria
can fix N2 to NH4

+ through biological nitrogen fixation. Several
nitrogen-fixing bacteria were isolated from organic pollutant-
contaminated sites and were proven to promote the growth of
legumes in contaminated soils.5,46−49 In addition to providing
suitable habitats for organisms involved in nitrogen cycling
within the biochar,123 it can also influence functional genes at a
distance of several millimeters from the particles themselves. In
this way, a “functional asymmetry” can be created, for example,
with bacterial amoA becoming more dominant as the distance
between biochar and bulk soil is reduced.124 Accordingly,
biochar can either decrease or increase nitrogen use efficiency,

for example, by increasing pH (causing ammonia volatiliza-
tion) or decreasing the rate of volatilization, promoting
biological nitrification, or directly reacting with the carboxyl
groups of biochar to produce NH4

+ or an amide radical/
group.126 Nitrous oxide (N2O) emissions are typically
decreased after incorporation of biochar,125,126 with a meta-
analysis showing decreases of 54% are typical.127 Biochar
applied with chemical nitrogen fertilizers increased the
nitrogen use efficiency by 43.1% compared with that of
fertilizer nitrogen application alone,128 and urea plus biochar
application increased the maize yield by 26% compared with
that of urea application alone in tropical soils.125 Both the
improved nitrogen use efficiency and crop yield were attributed
to the lower N release rates of the biochar-based nitrogen
fertilizers.125 Biochar application has also been proven to
increase crop yields by enhancing biological nitrogen fixation
by rhizobia that live in symbiosis with legumes.129 However,
raw biochar can immobilize nitrogen in the early months
following application, and external nitrogen is typically added
to overcome this. Other corrections may also be required to
control other deleterious factors that can adversely affect the
structure and activity of the biochar microbiome.80

Some PGPB can increase the level of plant-available
phosphorus (P) by solubilizing insoluble phosphorus com-
pounds in the soil. The most common and prevalent pathway
for PGPB to dissolve inorganic phosphorus compounds is to
produce organic acids (such as acetic acid, malic acid, citric
acid, succinic acid, oxalic acid, tartaric acid, 2-ketogluconic
acid, and lactic acid), with gluconic acid playing a prominent
role in phosphate solubilization.130 The released organic acids
decrease the local soil pH and facilitate the dissolution of
inorganic phosphates complexed with calcium, iron, and
aluminum. PGPB may also solubilize inorganic phosphates
through proton extrusion as well as the production of inorganic
acids, exopolysaccharides, and siderophores. Meanwhile,
organic phosphates can be solubilized by enzymes, including
nonspecific phosphatases, phytases, and C−P lyases, released
by PGPB.131 The genus Bacillus has the most species capable
of solubilizing otherwise insoluble phosphorus compounds
(including Bacillus subtilis, Bacillus megaterium, Bacillus
coagulans, and Bacillus circulans), followed by Pseudomo-
nas.131−133 In addition, some PGPB are “mycorrhizal helpers”,
including Streptomyces sp. and Pseudomonas sp., which assist
the development of both ectomycorrhiza and arbuscular
mycorrhizae. In turn, these mycorrhizal fungi help improve
the availability of phosphorus to plants.134,135

Biochar can also improve the uptake of P by plants in
agricultural soils through the direct contribution of plant-
available phosphorus, alteration of the soil pH, and/or
stimulation of plant roots to access soil P.136 Biochars
produced from biowastes, such as animal manure and sewage
sludge, are rich in P and can increase its availability in soil.137

Moreover, biochar can be combined with synthetic phosphate
fertilizers to form a slow release P fertilizer138 or used as an
inoculum carrier for delivering phosphate-solubilizing bacteria
into agricultural soils.139 When used as a carrier for P fertilizer
or P-mobilizing inocula, biochar releases P slowly and steadily
over a longer period, promoting P recycling while reducing its
losses from soil. However, the impact of biochar on plant-
available P in soils largely depends on the biochar feedstock
type, pyrolysis temperature, application rate, and soil proper-
ties.136,140

Figure 3. Bioaugmentation by PGPB and biostimulation by biochar
are the two main strategies to complement phytoremediation and
improve soil qualities. PGPB can (1) fix nitrogen, solubilize phosphate
and potassium, and oxidize sulfur (ruby arrows);155 (2) stimulate
mycorrhiza formation, which can be beneficial for both plant
protection and nutrient availability; and (3) produce allelochemicals
(e.g., siderophores, lytic and detoxifying enzymes, indole-3-acetic acid,
and ACC deaminase) (gold arrows), regulate plant growth and
development, and protect plants from pathogens. (4) With its porous
structure, biochar can serve as a habitat for PGPB and other soil
microbiomes,80 contributing to their growth, survival, and activity. (5)
Due to its ability to retain and release nutrients slowly, biochar may
act as a source of nutrients for both microbes and plants for an
extended period of time in soil. (6) Biochar can also improve soil
aeration, pH, and water and carbon content and thus alter the growth
of soil microbiomes and plants and their interactions.129 (7) By
reducing sodium uptake and increasing potassium uptake by roots,
biochar can maintain ion homeostasis in plants.173,174

Environmental Science & Technology pubs.acs.org/est Critical Review

https://doi.org/10.1021/acs.est.2c02976
Environ. Sci. Technol. 2022, 56, 16546−16566

16552

https://pubs.acs.org/doi/suppl/10.1021/acs.est.2c02976/suppl_file/es2c02976_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.est.2c02976?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.2c02976?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.2c02976?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.2c02976?fig=fig3&ref=pdf
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.2c02976?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Potassium (K) is another important macronutrient needed
in large amounts for adequate plant growth and development.
However, approximately 90−98% of soil K is in forms that are
often considered “nonexchangeable” limiting the availability of
K for plant use.141 PGPB can solubilize this K by releasing
organic acids and other extracellular polymeric substances that
contribute to displacing K+ from K-bearing minerals. These
potassium-solubilizing bacteria, including members of genera
like Bacillus, Pseudomonas, Burkholderia, Acidothiobacillus,
Paenibacillus, and Rhizobium, and their mechanisms of action
have been discussed by Sattar et al.142 Biochar can greatly
increase soil K content and increase the availability of water-
soluble and exchangeable K in soil.143 Soils rich in K-bearing
minerals tend to extend biochar impacts on plant K uptake.144

This is because biochar can improve the survival and
functioning of K-solubilizing microbial communities in soils
rich in K-bearing minerals, which in turn can contribute to the
weathering of K minerals in soils.144,145

Sulfur (S) is also an essential nutrient for plants. However,
elemental sulfur (S0) and reduced sulfur compounds found in
soil organic matter and some fertilizers are not readily available
for plants. Sulfur-oxidizing bacteria, such as Acidithiobacillus sp.
and Thiobacillus sp., can oxidize reduced sulfur to sulfate,
which is plant-available.146,147 Biochar can also enhance the
plant availability of S through direct S contribution and/or
supporting microbial S oxidizing activities. The speciation and
content of sulfur in biochar may vary depending on the
feedstock type and production condition. Cheah et al.148

produced biochar from oak and corn stover under pyrolysis
and gasification conditions and observed the following
outcomes. (1) Oak biochar contained 160 mg of S L−1,
while corn stover biochar had 600−800 mg of S L−1. (2) Both
oak biochar and corn stover biochar pyrolyzed at 500−600 °C
contained organosulfur, sulfate, and sulfide. (3) Biochar
generated through gasification at 850 °C had a large amount
of organosulfur.
PGPB-chelating agents also increase the availability of iron,

manganese, zinc, and copper to plants.143 Almost all known
PGPB release siderophores (high-affinity iron-chelating com-
pounds) that bind and solubilize iron from mineral surfaces,
thus facilitating the availability and uptake of iron by plants.
These siderophore-producing rhizobacteria and their mecha-
nisms of action, as well as different types of microbial
siderophores, have been described and discussed else-
where.149,150

In addition, PGPB can enhance the production of root
exudates that form soluble complexes with the micronutrients
(e.g., iron, manganese, zinc, and copper), making them
available for plant uptake. Though micronutrients are required
for optimum plant growth and development, their presence at
high concentrations can be harmful or even toxic to plants.
Excess bioaccumulation of micronutrients is usually accom-
panied by plant growth inhibition and impairment of
important plant physiological processes, which may lead to
chlorosis, premature death of cells in plant tissues (necrosis),
and an imbalance of different reactive oxygen species.151,152 In
this regard, biochar can alleviate phytotoxicity by increasing
soil pH, which can reduce metal bioavailability in soils,153 or
adsorbing bioavailable metals directly into the biochar itself.154

7.2. Effects of Biochar and PGPB on the Regulation of
Plant Growth and Development. Indole-3-acetic acid
(IAA) is the most common plant auxin and one of the key
factors for enhancing the phytoremediation of soil contami-

nated with organic pollutants. In a study by Li et al.,156

exogenous IAA treatment induced soil peroxidase production,
improved soil microbial biomass, and alleviated abiotic stress,
ultimately promoting the removal of phenanthrene from soil.
In addition to plants, many PGPB (and ∼80% of
rhizobacteria) can produce IAA, as a competent signaling
molecule for communication between plants and soil bacteria.
IAA-producing bacteria span a wide range of genera, including
Bacillus, Serratia, Azospirillum, Acinetobacter, Pseudomonas,
Rhizobium, and Streptomyces.155 Although IAA helps plants to
withstand environmental stresses, very high concentrations of
IAA may inhibit root and shoot growth or cause other growth
abnormalities.157 Therefore, IAA close attention is required to
avoid inhibitory effects from excess dosage. On the contrary,
there is a degree of tolerance in the system as plants may
control excess IAA through neutralization mechanisms,
including inactivation of IAA by direct oxidation of IAA to
OxIAA and by conjugation with sugars, amino acids, or
peptides.158 In addition to IAA, PGPB can produce other
important plant hormones, such as gibberellins, cytokinins, and
abscisic acid, which influence the hormonal balance in plants
and their response to the external environment.159 The
mechanisms of the action of bacterial phytohormones in
plant growth regulation and their development have been
reviewed by Kudoyarova et al.160 Some studies have indicated
that the application of biochar partly boosts plant growth and
development by activating the gibberellin pathway161 and
enhancing the transcription of auxin- and brassinosteroid-
related genes, which play a key role in inducing systemic stress
tolerance in plants.162

Another central regulator of plant development and the
stress response is ethylene gas, which controls diverse
physiological processes throughout the plant life cycle,
including the growth of roots, leaves, flowers, and fruits,
rhizobial nodulation in legumes, rooting of tissue cultures, and
the interaction between plant and beneficial microorgan-
isms.143 Plants respond to biotic and abiotic stresses by
producing ethylene from 1-aminocyclopropane 1-carboxylate
(ACC).163 It has been shown that organic pollutants can
induce an increased level of production of ethylene in
plants.164,165 However, ethylene can be harmful to plants
when in abundance, causing plant growth inhibition and
promoting premature senescence.166,167

Of the different mechanisms used by PGPB to promote the
growth of plants, the production of the enzyme ACC
deaminase is greatly important for improving the performance
of plants grown in contaminated soils.168 This enzyme can
decrease plant ethylene levels by converting ACC, an
immediate precursor of ethylene in plants, into NH3 and α-
ketobutyrate, promoting plant growth and survival under
adverse stress conditions such as drought, salinity, and organic
and inorganic contamination (Figure 3). It has been shown
that plants inoculated with bacteria that have ACC deaminase
activity or transgenic plants expressing the bacterial enzyme
ACC deaminase accumulate greater amounts of heavy metal
pollutants within the plant tissues and produce longer roots
and greater root density.169,170 Microorganisms with ACC
deaminase activity can promote the growth of plants involved
in the phytoremediation of organic pollutants. Some ACC
deaminase-producing bacteria can degrade organic contami-
nants and include representatives from Rhizobium,5 Klebsiel-
la,47 Pseudomonas,48 Acinetobacter and Alcaligenes,46 Bacillus,49

etc. To better understand how these ACC deaminase-
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producing bacteria promote plant growth and help plants
remove organic pollutants from soils, the reader is referred to
the reviews of Glick168 and Arshad et al.169

7.3. Effects of Biochar and PGPB on Plant Protection.
Apart from improving soil fertility and stimulating plant
growth, PGPB can also act as biocontrol agents by protecting
the plants from phytopathogens (i.e., fungi, bacteria,
nematodes, and viruses) using a wide range of defense
mechanisms. The generally understood biocontrol mechanisms
mediated by PGPB include the production of inhibitory
allelochemicals, such as siderophores, secondary antibiotic
metabolites, biocidal volatiles, lytic enzymes, detoxifying
enzymes, and induction of systemic resistance in
plants.168,171,172

Iron is an essential micronutrient for all soil organisms,
including plant pathogens. PGPB can limit the availability of
iron in the soil by competitive removal. Iron−siderophore
complexes are readily available to organisms with specific
receptors, such as ferrireductases and adjacent iron(II)
transporters, on their outer cell membrane.169 However,
pathogens without receptors for siderophore−iron complexes
will suffer from iron deficiency and face the risk of local
extinction. Because plants can access iron chelated with
siderophores, bacterial siderophores improve plant iron
nutrition and protect plants from some pathogens.170,171 In
addition, some PGPB can produce a variety of antibiotics.
These PGPB include some species of genera such as Bacillus,
Streptomyces, Stenotrophomonas (which can produce oligomy-
cin A, kanosamine, zwittermicin A, and xanthobaccin), and
Pseudomonas (which can produce 2,4-diacetylphloroglucinol,
amphisin, hydrogen cyanide, pyoluteorin, cyclic lipopeptides,
tensin, and phenazines).168 Some of these antibiotics produced
by PGPB have proved to be effective in inhibiting the growth
of phytopathogenic microorganisms and interestingly are
finding new applications in human medicine.168,172 PGPB
can also exert their biocontrol abilities by producing
extracellular enzymes, including lipase, β-1,3-glucanase, lami-
narinase, chitinase, and protease, which have the potential to
suppress plant pathogens. For instance, chitinase and
laminarinase produced by Pseudomonas stutzeri YPL-1
degraded mycelia of Fusarium solani (a fungal pathogen
causing root rot with severe losses in many agriculturally
valuable crops);173 a chitinase- and protease-producing Serratia
plymuthica was found to protect cucumber from Botrytis cinerea
and Sclerotinia sclerotiorum diseases,174 and β-1,3 glucanase
produced by Pseudomonas cepacia destroyed the cell walls of
Rhizoctonia solani, Sclerotium rolfsii, and Pythium ultimwn,
hence decreasing the incidence of diseases caused by
phytopathogenic fungi.175

Some bacteria have the ability to detoxify and/or degrade
phytotoxins. For instance, Pantoea dispersa strain SB1403
showed a strong capacity for enzymatic detoxification of
albicidins (a family of highly potent antibiotics and phytotoxins
produced by Xanthomonas albilineans), which are the main
pathogenesis drivers of sugar cane leaf scald disease.176 In
addition to the direct mechanisms of biocontrol mediated by
PGPB described above, some rhizosphere bacteria and
mycorrhizal fungi can also induce resistance in plants. To
date, two main forms of induced resistance have been
described in plants: systemic acquired resistance (SAR) and
induced systemic resistance (ISR). The latter is attributed to
beneficial PGPB and fungi and depends on the signaling
pathways of salicylic acid, ethylene, and jasmonic acid.177 In

particular, PGPB can mediate ISR by releasing bioactive
compounds that elicit specific immune responses in plants.178

Ryu et al.179 were the first to indicate that VOCs, such as 2,3-
butanediol and acetoin, produced by Bacillus amyloliquefaciens
IN937a and B. subtilis GB03, reduced the severity of disease
caused by Erwinia carotovora subsp. carotovora in Arabidopsis
thaliana via the ethylene signaling pathway. Later, other studies
have suggested that ISR can be elicited by bacterial
lipopolysaccharides,180 siderophores,181 biosurfactants,182 anti-
biotics,183 and flagella.184 The PGPB-mediated ISR has been
shown to suppress plant diseases caused by various fungal,
bacterial, and viral pathogens and, in some instances, even by
insects and nematodes, under both greenhouse and field
conditions.185,186 The discussion of ISR by PGPB is beyond
the scope of this review; however, other excellent reviews cover
this topic further.177,186,187

Biochar can also significantly reduce the risk of plant disease
by (1) mediating systemic resistance to pathogens (i.e.,
upregulating pathways and genes associated with plant
defense),188 (2) stimulating soil microbial activities, and (3)
reshaping the soil microbiome, which can positively affect
microbially mediated ISR.189,190 However, some studies show
that while lower application rates (≤1%) of biochar reduce the
severity of several diseases, higher application rates (≥3%) are
ineffective or can induce plant diseases.191 In addition, biochar
properties, such as water retention capacity, nutrient content,
redox ability, sorption potential, pH, and concentration of toxic
and/or hormone-like compounds, can greatly influence a soil−
rhizosphere−pathogen−plant system and consequently impact
the severity of plant diseases.192 Therefore, optimization of
biochar feedstock type, production condition, and application
rate is of utmost importance for the effective use of biochar to
suppress plant diseases.
7.4. Dividing the Carbon and Sharing the Load. Many

PGPB have the ability to degrade organic substances, such as
pesticides, polychlorinated biphenyls, and hydrocarbon con-
taminants.5,193−195 In general, these bacteria use some or all of
the organic pollutants as a carbon or nutrient source for
growth, which may lead to a complete degradation
(mineralization) of the organic pollutants.195,196 For instance,
Ma et al.197 isolated Pseudomonas sp. JM2, a bacterial strain
capable of using phenanthrene as its sole carbon source. In
another study, Burkholderia fungorum DBT1, a bacterial strain
isolated from an oil refinery discharge, could use dibenzothio-
phene, phenanthrene, fluorene, and naphthalene as sole
sources of carbon and energy in addition to showing plant
growth-promoting activities.195 However, some organic
pollutants, especially polychlorinated biphenyls, cannot be
used as carbon and energy sources for PGPB and may limit
microbial activities in the rhizosphere. In this case, plants may
come to the rescue by releasing secondary metabolites in their
root exudates, which can be used as a microbial nutrient source
to facilitate bacterial degradation of organic pollutants in soil in
a process known as co-metabolism.198 These plant-derived
secondary metabolites attract beneficial and pollutant-degrad-
ing microbes to the plant rhizosphere, thereby enhancing
microbial metabolism for the degradation of recalcitrant
organic pollutants.199 Furthermore, plants may release
harmless organic pollutant analogues, which lead to the
production of organic pollutant-degrading enzymes by
indigenous microflora.200 For instance, plant-derived salicylate
was found to stimulate PAH degradation by Pseudomonas
saccharophila P15.201 Another study showed that salicylate
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from Salix alaxensis (felt-leaf willow) promoted polychlori-
nated biphenyl degradation from 25% to 40% and increased
microbial community diversity and metabolic activity in the
soil.202 Plant terpenes, coumarins, resin acids, and flavonoids,
which can act as growth substrates of microbes and/or
inducers of microbial activities, have also been associated with
the degradation of different organic pollutants.16,194 Addition-
ally, some xenobiotic organic compounds exhibit hydro-
phobicity due to the presence of reduced aliphatic hydro-
carbon fragments, which may inhibit their bioavailability for
microbial degradation.203 The bioavailability and extractability
of organic pollutants decrease with increasing contact time
with soil and other organic matter (e.g., biochar).204 This
process has been termed “aging”, which can reduce the
biodegradability of organic pollutants by soil microbes and
uptake by plants, posing major barriers to biological
remediation.205 However, some microorganisms in the soil
can produce biosurfactants that increase the bioavailability of
water-insoluble organic pollutants.206 These biosurfactants are
amphiphilic, meaning they have both hydrophilic and hydro-
phobic moieties, allowing them to bridge aqueous and non-
aqueous phases.207 They disperse hydrophobic organic
pollutants into small droplets, reducing their surface and
interfacial tension as well as enhancing their availability for
microbial degradation.208 Among the most renowned bio-
surfactants are the surface-active glycolipids (rhamnolipids)
produced by Pseudomonas aeruginosa,209 surfactin, iturin, and
fengycin lipopeptides produced by B. subtilis,210 and
phospholipids produced by Corynebacterium lepus.211 In
addition to helping microbial cells catabolize water-insoluble
organic pollutants, biosurfactants also drive a variety of other
properties. These include (1) selective biocontrol activity
against microbial competitors,210 (2) enhanced (patchy)
hydrophobicity of the cell surface to improve the affinity
between the cell and substrate,212 (3) reduced surface and
interfacial tensions to facilitate gas and water exchange, (4)
promoting the formation of microcolonies in the early phases
of biofilm formation, (5) facilitating the dispersal of cells from
mature biofilms,209,213,214 (6) reducing the hydrophobicity of
biochar in the soil, thereby making organic matter and minerals
in biochar bioavailable for microbial use, and (7) enhancing
the desorption of organic pollutants from biochar, thereby
making the pollutants available for microbial degradation.
Importantly, the desorption and subsequent degradation of
organic pollutants from biochar can create new adsorption sites
in the biochar, which can help the biochar adsorb more
pollutants. Therefore, screening and application of biosurfac-
tant-producing microorganisms can facilitate remediation of
soil contaminated with persistent or immiscible organic
compounds.
Coming to the aid of PGPB overloaded with organic

pollutants, biochar can mitigate the toxicity of these organic
pollutants by reducing their mobility and bioavailability
through surface adsorption, partition, and sequestration
(Figure 2). As a cost-effective and eco-friendly adsorbent,
biochar has been widely applied for the remediation of organic
pollutants, such as malachite green,215 fluorinated herbi-
cides,216 simazine,217 bisphenol A, 17α-ethinyl estradiol,
phenanthrene,218 methyl violet,110 and diuron.219 In summary,
biochar reduced the mobility of the treated pollutants and
reduced the contamination of local environments. The
presence of different active functional groups (such as
pyridinium, carboxyl, oxonium, nitrile, hydroxyl, amine,

phenolic hydroxyl, amide, and carbonyl groups, among others)
and aromatic carbons on biochar surfaces may have binary
effects on accepting and donating electrons, which plays a key
role in the adsorption of chemical pollutants.220−222 Biochar
with a large surface area and high porosity offers an appropriate
habitat for microorganisms responsible for the degradation of
organic pollutants.223,224 Microorganisms hosted in biochar
can then degrade the adsorbed pollutants, replenishing active
microbial sites for further adsorption and degradation of
pollutants.224 Biochar and PGPB were combined for the
remediation of petroleum hydrocarbons. Zhang et al.50 isolated
a petroleum hydrocarbon-degrading bacterial strain, Coryne-
bacterium variabile HRJ4, and immobilized C. variabile HRJ4
on biochar. They reported the following results. (1) Biochar-
immobilized C. variabile HRJ4 could tolerate and degrade
petroleum hydrocarbons under saline-alkaline conditions. (2)
Bacterially loaded biochar exhibited effective degradation of an
n-alkane and polycyclic aromatic hydrocarbon mixture. (3)
Biochar-immobilized C. variabile HRJ4 enhanced degradation
of total petroleum hydrocarbons by ≤78.9% after incubation
for 7 days compared to C. variabile HRJ4 alone. In another
study by Ma et al.,225 the combined application of biochar and
Klebsiella sp. PCX accelerated biodegradation of polyacryla-
mide in soil by enhancing the metabolism of Klebsiella sp. PCX
itself and stimulating the activities of indigenous polyacryla-
mide-degrading microorganisms. These authors concluded that
the combined use of biochar and bacteria may enhance organic
pollutant biodegradation through both bioaugmentation and
biostimulation strategies. Because biochar can overcome many
of the environmental constraints that impair the performance
of remedial microorganisms, it follows that phytoremediation
also has much to gain.

8. BIOCHAR−BACTERIUM−PLANT SYNERGY IN
REMEDIATING ORGANIC POLLUTANTS

Biochar, bacteria, and plants are all composed of widely
available, natural, and renewable resources. In addition, they
can be engineered to enhance their efficiencies in environ-
mental remediation.31,226,227 We now address the question of
why their partnership is crucial for the sustainable remediation
of organic pollutants in soils. Phytoremediation alone is
inhibited by the presence of high concentrations of pollutants.
Biochar mainly does not remove organic pollutants by itself
but immobilizes pollutants in the environment. PGPB alone
cannot survive in soil indefinitely without plants, and their
survival and activity are greatly improved by the presence of a
sorbent (e.g., biochar) to ameliorate the abiotic stresses caused
by the contaminant.

All of the components of a biochar−bacterium−plant
synergy mentioned above are further enhanced by the matrix
in which they find themselves, the soil. A “healthy” soil in the
context of phytoremediation is one that supports optimal and
resilient bioremediation. Biochar and plants both provide
suboptimal soils with much-needed (non-organic pollutant)
carbon. Biochar provides a recalcitrant and immediately stable
physical carbon framework to improve gas exchange and
reduce the burdens of the pollutant (both physical and
chemical), while plants provide fresh and labile photosynthate
C to assist microbes and soil fauna in maintaining the physical
stability of soil structure against destructive forces, and
ultimately helping to transition a soil from being one that is
supporting bioremediation activity to one that is supporting
the ecosystem.
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There are further interactions that take place over time. For
example, bacteria that can colonize internal biochar surfaces
may further metabolize the adsorbed pollutants (Figure 4),224

and/or root exudates from plants may stimulate desorption of
pollutants from biochar, making pollutants susceptible to
microbial degradation in the soil.228 Biochar can increase
microbial population size and enzyme activities associated with
pollutant degradation and nutrient cycling in the rhizosphere,
depending on its properties. Plants also release enzymes, such
as peroxidases and phenol oxidases, in root exudates, which can
degrade partly oxidized pollutant metabolites (produced via
microbial oxidation of original organic pollutants).229 In a
study by Hussain et al.,230 it was found that biochar, bacteria,
and plants can interact successfully to bring about improved
remediation of petroleum hydrocarbons. The synergistic effects
of biochar, plants, and bacteria on remediation of heavy metals
and PAHs were further demonstrated using six plant species
and a number of PAH-degrading bacterial strains, Acinetobacter
junii HS29, Enterobacter cloacae HS32, Enterobacter aerogenes
HS39, Enterobacter asburiae HS22, Brevibacillus reuszeri HS37,

and Stenotrophomonas sp. HS16, from oil-contaminated soil.231

The combined approach improved plant antioxidative defenses
and helped to remove heavy metals and PAHs from the soil. It
is clear that improving our understanding of the potential of
this trinity with a view to the remediation of environmental
pollutants holds promise for the sustainable management of
suboptimal soils.

9. SUSTAINABILITY ANALYSIS OF THE
BIOCHAR−BACTERIUM−PLANT SYSTEM

“A blueprint to achieve a better and more sustainable future for
all people and the world by 2030” was established as the
mission statement of the Sustainable Development Goals
(SDGs) by the United Nations (UN) in 2015.232 Soil plays a
vital role in sustaining life on Earth and is critical to achieving
the UN SDGs. Given the global problem of pollution of soil by
various anthropogenic pollutants, it is imperative to intensify
the search for sustainable soil restoration and management
techniques that are feasible and practical on a global scale.233

Preference should be given to techniques that are cost-

Figure 4. Proposed mechanisms of synergistic contributions of biochar, PGPB, and plants for remediation of organic pollutants in soils. (1) Various
functional groups, a porous structure, and a large surface area of biochar promote the sorption of organic pollutants, thereby reducing the toxicity of
organic pollutants to microbes and plants in the soil. (2) Biochar-resident PGPB may further degrade the adsorbed organic pollutants, while plants
provide C as root exudates facilitating microbial co-metabolism. (3) PGPB and biochar can improve root growth and activity, which is beneficial for
the absorption of pollutants by plants. (4) Once in the plant endosphere, pollutants can accumulate in various plant tissues, be degraded by plant
enzymes and endophytic microorganisms, or be released into the atmosphere through volatilization.
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effective. Additional value is derived when techniques are in
line with the SDGs (such as action to combat climate change
and the promotion of life on land), with positive social,
economic, and environmental impacts. The integration of
plants, biochar, and microbes for remediating polluted soils is
well suited as it is based on widely available renewable
resources and feasible approaches with the potential to remove
pollutants and improve soil health, reverse the trend of
increasing atmospheric CO2 levels, and promote a circular
economy, thereby generating social and economic benefits
(Figure 5). In our view, developing such a sustainable and
functional system that can address key agricultural, horticul-
tural, and environmental issues while engaging and benefiting
local communities deserves research prioritization.
Because no studies have analyzed the cost of combining

biochar, microorganisms, and plants for soil remediation, we
will analyze the cost based on the reported cost of
phytoremediation, bioremediation, and biochar, as well as
analyze possible economic returns and additional benefits.
Phytoremediation, the use of plants and their associated
microbiomes to remediate contaminated soils, is one of the
sustainable techniques for controlling soil pollution and
improving soil health with good public acceptance, offering
the lowest cost compared to other techniques.10,234 For
instance, the incineration of contaminated soils can cost up to
$100/m3, yet soils contaminated with explosives and hazardous
substances, especially chlorinated hydrocarbons, dioxins, and
polychlorinated biphenyls, require even more intensive
management techniques that can cost well beyond $1047−
1540/m3.235 In comparison, the cost of phytoremediation can
range between $0.02 and $1.00/m3 per year, which is much

cheaper than the cost of physical and chemical methods, but of
variable efficacy.236,237 It has been claimed that phytoreme-
diation can save between 50% and 99% of the cost of standard
treatment or that its economic return may even exceed the
cost, depending on the types of plants and contaminants
treated.238 However, phytoremediation takes much longer than
other remediation techniques because the plants require time
to grow and remove pollutants from contaminated soils.10 The
cost of phytoremediation is strongly dependent on the local
situation, such as the location and depth of contamination,
pollutant type, resource availability, soil conditions, processing,
utilization, or economic value of biomass. While investigating
the possible most expensive phytoremediation procedure based
on the local price rate in China, Wan et al.234 found that the
cost of actual field applications of phytoremediation was
$37.7/m3, with initial and operational costs making up 46.02%
and 53.98% of the total cost, respectively. Among the initial
costs were pollution analysis, development of a remediation
plan, soil preparation, construction or purchase of nursery
equipment, an irrigation system, a temporary storage facility,
waste incineration equipment, etc. Transporting the materials
to the remediation site required building roads, bridges, and
culverts. The cost of personnel and supplies, the use of major
machinery, and any other direct or indirect expenses were all
included in the operational cost. On the basis of their
observations, the authors suggested that the costs of the
expensive phytoremediation project could be offset by the
benefits in fewer than seven years. Via promotion of the
phytoremediation of organic pollutants, it may be possible to
rehabilitate contaminated soils and provide economic
assistance and clean air to local communities. Unlike inorganic

Figure 5. Example of a sustainable model that maximizes the cyclicality and profitability of biochar−bacterium−plant systems for organic pollutant
remediation and climate change mitigation.
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pollutants (such as heavy metals), organic pollutants can be
completely degraded to relatively nontoxic components either
in soil or in plants by the action of plant enzymes and/or plant-
associated microbiomes. This may facilitate treatment and
multipurpose use of biomass produced from phytoremedia-
tion.239,240 However, before deciding on the usage of biomass,
one must carry out a toxicological analysis to determine
whether the degradation of organic pollutants in plants has
resulted in the formation of toxic byproducts.241 In addition,
planning for the efficient use of plant biomass after harvest can
make phytoremediation even more cost-effective and sustain-
able. In this regard, exploiting the possibility of producing
valuable materials (e.g., ornaments, paper, timber, bioenergy,
and other eco-friendly products) in addition to producing
biochar from harvested plants and their residues can negate the
cost of the process, making phytoremediation more profitable
and sustainable.240

The cost for enhanced bioremediation (microbial decom-
position without plants) of contaminants was reported to be
$13.4/m3242 but can be higher, ranging from $30 to $100/m3

depending on the soil properties, type and degree of
contamination, and quantity and type of amendments
applied.243 These expenditures include preliminary micro-
biological investigation, site preparation, microbial inoculation,
laboratory analysis, and monitoring and supervision. However,
the cost can be expected to be reduced by combining
bioremediation with phytoremediation and biochar as a
functional supplement.
The promotion of biochar as a carbon-negative tool for soil

and environmental restoration, global climate change miti-
gation, energy production, and a circular bioeconomy is not
new; however, the feasibility of using biochar from its source
and production to end use needs to be refined to maximize
sustainability. In fact, no technology can be considered
sustainable unless it can translate into long-term financial
success.244 Despite extensive national and international
advocacy and research on the use of biochar in agricultural
production and environmental remediation in recent
years,78,143 large-scale applications of biochar remain
limited.245 In many cases, the high costs associated with
biochar production, such as purchasing equipment for the
pyrolysis operation, make widespread agricultural use of
biochar in the field an unrealistic option.246 For example,
producing, transporting, and applying biochar in the field have
been estimated to cost between $222 and $584 per ton (an
underestimate by today’s standards), which greatly exceeds the
comparable $96.13 per ton profit increase from using biochar
as an agronomic soil amendment.247 We propose that the
biochar−plant−microbe synergy can provide a greater value
return when the biomass products are used to produce more
biochar for the purpose of remediating suboptimal soils
(Figure 5).

10. ENVIRONMENTAL IMPLICATIONS AND FUTURE
PERSPECTIVES

Phytoremediation is an effective biological means to remediate
chemical pollutants, including organic pollutants. This
technology benefits from the interactions between plants and
microorganisms (indigenous and exogenous). The use of
bacteria with both pollutant-degrading and plant growth-
promoting activities is one of the most viable bioremediation
strategies for improving pollutant removal efficiency. Multiple
roles of PGPB, ranging from improving soil fertility

(biofertilization) and protecting plants from pathogens
(biocontrol) to regulating and enhancing plant growth
(biostimulation) and breaking down pollutants (biodegrada-
tion), promise to improve the efficiency of phytoremediation
of organic pollutants. However, the growth, multiplication, and
activities of the inoculated PGPB are affected by the soil’s
nutrient content, porosity, and organic matter content. If
inoculated without a proper medium, the remedial PGPB
frequently fail to develop their beneficial effects, often due to
inefficient colonization of the rhizosphere or poor vertical
transport into the soil. In addition, high concentrations of
bioavailable pollutants can negatively affect the growth and
activities of microorganisms and plants involved in phytor-
emediation. In this regard, biochar can enhance phytoreme-
diation by providing habitats for microorganisms, promoting
plant growth, reducing the toxicity of pollutants to micro-
organisms, remediating pollutants, and alleviating various
biotic and abiotic stresses in plants. The use of biochar as a
carrier of PGPB is a very promising approach for improving the
efficiency of the phytoremediation of organic pollutants,
especially in highly contaminated soils. Simultaneously, wide-
scale use of biochar as a vector for the sequestration of carbon
from the atmosphere has been slow to take off because the
application of raw biochar has limited benefits. The synergies
proposed here are of higher ultimate value and may therefore
help to increase commercial opportunities and implementa-
tion. When carefully designed and used, the biochar−
bacterium−plant system may provide a viable and sustainable
solution for the remediation, revegetation, and restoration of
soils contaminated with organic pollutants.

On the basis of the current understanding of synergy among
biochar, PGPB, and plants for remediation, we recommend the
following for further research: (1) explore all facets of
biochar−bacterium−plant associations in remediating organic
contamination in soils, (2) explore the results of tailoring
biochar, bacteria, and plants using cutting-edge engineering
strategies in biotechnology and nanotechnology to enhance the
functionality of the biochar−bacterium−plant systems in
remediating organic pollutant contamination in soils, (3)
investigate the remediation of soils co-contaminated with
organic and metal pollutants, and (4) analyze how native
microbial communities and soil functional genes adapt and
incorporate genes and species delivered in biochar-based
inocula.

In conclusion, the development of the biochar−bacterium−
plant systems in soil remediation requires intensive research,
not only on understanding their biochemical and molecular
mechanisms but also on the evaluation of their applicability in
different soil types. Identification of potent PGPB, biochar,
plants, and genes encoding enzymes and other polymeric
substances that contribute to the remediation of organic
pollutants and the development of novel omics and nano-
technology-based approaches represent key areas of research to
improve the biochar−PGPB−plant interactions for the
sustainable treatment of organic pollutant-contaminated soils.
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S1), some of the bacteria that stimulate plant growth and
their effect on the phytoremediation of organic
pollutants (Table S2), and effects of different types of
biochar on organic pollutants in different types of
contaminated soil (Table S3) (PDF)
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