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ABSTRACT ARTICLE HISTORY
Biochar's ability to mediate and facilitate microbial contamination degradation, as well as its Received 28 July 2021
carbon-sequestration potential, has sparked interest in recent years. The scope, possible advan- ~ Revised 2 October 2021

tages (economic and environmental), and future views are all evaluated in this review. We go over ~ Accepted 9 October 2021
the many designed processes that are taking place and show why it is critical to look into biochar  yeyworps
production for resource recovery and the role of bioengineered biochar in waste recycling. We Circular bio-economy;
concentrate on current breakthroughs in the fields of engineered biochar application techniques biochar; engineered process;
to systematically and sustainable technology. As a result, this paper describes the use of biomass sustainable technologies;
for biochar production using various methods, as well as its use as an effective inclusion material resource recovery

to increase performance. The impact of biochar amendments on microbial colonisation, direct

interspecies electron transfer, organic load minimization, and buffering maintenance is explored

in detail. The majority of organic and inorganic (heavy metals) contaminants in the environment

today are caused by human activities, such as mining and the use of chemical fertilizers and

pesticides, which can be treated sustainably by using engineered biochar to promote the estab-

lishment of a sustainable engineered process by inducing the circular bioeconomy.
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1. Introduction

Rapid exponential growth in resource consumption
and exploitation has resulted in scarcities of
resources. The current energy system enjoys an
unsustainable approach and presents an energy sys-
tem trajectory moving away from sustainability goals
[1]. Bioengineered biochar is a heterogeneous bio-
product generated from carbonization thermoche-
mical conversion of feedstock in an oxygen-limited
environmental condition, which is further modified
by various methods to improve the utilization and
increase the overall efficiency [2]. Circular bio-
economy [3] is a broad and fluid concept with
many definitions, yet all leading to single goal that
talk about greater resource efficiency with sustain-
ability [4,5]. The concept is still developing and
tranquilly required fundamental research, in the pre-
cise utilization of engineered biochar for sustainabil-
ity goals [6]. Biochar has a huge untapped potential
to substitute unfriendly techniques to address the
climate change issues, environmental impact and
establish a bio-circular economy model [7]. The
utilization of engineered biochar in the environment
and energy sector is an operative tool to reduce waste
and increase participation in the circular bio-
economy.

With the rapid development of modern society,
a large amount of organic solid waste has been
produced [8]. Because landfills occupy a large area
and produce a large number of auxiliary pollutants
[9,10], many areas are beginning to use compost to
treat pollutants and recycle solid waste [11,12]. And
some studies have found that the addition of bio-
char can improve the efficiency of composting effec-
tive measures [13]. Biological waste to energy
technology is a feasible way to treat waste and
produce energy [14]. Resource recovery from
waste is an emerging trend towards the utilization
of biochar for achieving the circular bio-economy
goals [15,16]. The concept encompasses several stra-
tegies, including energy solutions, reuse and recy-
cling, and design for durability. However, the
concept is still growing and not adopted for many
industrial applications. The establishment of
resource recovery from feedstock waste required
the implementation of novel concepts and innova-
tive ideas. The multi-dimensional role of engineered
biochar in energy and environmental perspective

endows its great value for resource recovery [17].
Despite concrete strength, the research of resource
recovery from waste by biochar utilization is
debated [7]. Biochar has been extensively exploited
for various approaches from the last decade. Recent
studies showed that strategically modified biochar
has great potential for large-scale application in
various fields. A case study from Singapore showed
that organic waste generated from the horticulture
sector has potential strength to participate in the
circular economy by on-site use of biochar valorized
via gasification. Further research emphasized that
organic waste mass was reduced up to 95% through
gasification by conversion to biochar. The case
study detailed that biochar produced from organic
waste can substitute the use of peat moss and effec-
tively utilize it for the cultivation of various com-
mercial horticulture crops including Pak-Choi,
lettuce and pansy [18]. In another case, wood waste-
derived biochar was used to upgrade biogas produc-
tion in anaerobic digestion. Food waste digestion
was carried out with biochar to upgrade biogas
production and a further mixture of biochar
and AD generated waste was used to grow various
vegetable crops [19]. Similarly, the use of biochar in
circular economy was conceptualized in agriculture
sectors. It was evidenced that circular economy
efficiency can be used by utilization of biochar in
N, P, and K cycles [20]. The use of biochar for the
replacement of chemical fertilizers can help in pro-
moting organic farming and a sustainable farming
system. Moreover, the use of biochar as
a replacement for growing media can effectively
boost resource recovery and contribute to the bio-
circular economy [21].

Here our review offers a state of the current
basic strategic approach for utilization of bioengi-
neered biochar for resource recovery and the pos-
sibilities for use of biochar in circular bio-
economy. This review will provide a unique
approach that can help think tanks to frame stra-
tegies aiming for clean technology and energy
solution by utilizing biochar engineering.

2. Strategies for biochar bioengineering

Rapid development and overpopulation of indus-
tries and lifestyles is directly associated with waste



generation, which had an adverse impact on the
environment. Hence, there is a need towards
a holistic approach to sustainable waste recycling.
Biochar production is a simple technology suitable
for all developed and developing countries [22].
Engineering the physicochemical properties of bio-
char will improve effective waste recycling. The
basic properties including surface area, pore space,
functional group, and pore structures can be engi-
neered by some biological, physical and physical
methods [23,24]. Several microorganisms are
reported to improve the biochemical properties of
biochar. These microbes will bind by direct or indir-
ect strategies to engineer the properties of biochar
[25]. Bioengineering methods are generally post-
modification techniques. The application of targeted
microorganisms will modify biochar either by
increase in surface area, colonization, and develop-
ment of biofilm. The common strategy adopted is
employing beneficial microbes for surface coating of
biochar for improving remediation performance
[26,27]. This will enhance the adsorption efficiency
of different pollutants. Some microbes are known
for bioremediation of heavy metals [25,26,28].
Dalahmeh et al., 2018 demonstrated that filter
designed of biochar active biofilm absorbs and
degrades >98% carbamazepine in comparison to
sand active biofilms [29]. It also adsorbs pharma-
ceutical compounds including metoprolol, carbama-
zepine, caffeine, and ranitidine that were degraded
effectively from sewage water. The utilization of
consolidate obtained by amalgamation of biologi-
cally treated feedstock (digestate) and biochar were
also used as bioengineered biochar [27]. The results
indicate that anaerobic digestion-mediated modifi-
cations lead to an increase in surface area, anion
exchange capacities, pH and adsorption potential
[30]. These engineered biochar exhibited super
adsorption of heavy metals from soil and water.
An integrated strategy of AD and biochar engineer-
ing can provide a better alternative and increase
economic feasibilities by harvest of biogas and bio-
fertilizers [25,31,32].

3. Application of engineered biochar in
different fields

Engineered biochar can be prepared from various
resources such as wood wastes [33], crop residues
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[34], animal wastes [35], peanut shells [36], algal
biomass [37], sawdust [38], sugarcane bagasse
[39], tea waste, [40] and biosolids [41]. The addi-
tion of biochar has tremendous advantages [42].
These include carbon sequestration [43], soil qual-
ity improvement [44], modifying physiological
characteristics of soil [45], enhancing mycorrhizal
associations [46,47], improving soil structure [48],
altering bioavailability, improving nutrient cycling
[49], and soil nutrient-holding capacity [43,50,51].
Biochar generally has excellent properties such as
high stability, well-developed pore structure and
abundant surface functional groups [52]. Biochar
has a high affinity for nutrient absorption, and it
prevents nutrient leaching, improves nutrient con-
version [53], leading to improved crop yield.
Biochar has been reported to alter the crop yield
in the present as well as in the absence of fertilizers
[54]. Biochar can reduce the adverse factors in
traditional composting and improve the efficiency
of composting [55]. Biochar can be prepared to
utilize various feedstock’s and to carry out
a specialized function; biochar must be improved
in terms of affinity, porosity, binding affinity,
functional groups and reusability. In recent years,
various approaches have been applied to design
sustainable and effective biochar for environmen-
tal applications. There are three areas that require
immediate attention to develop engineered bio-
char. The developed biochar can be used in green-
house gas emissions, compost remediation, and
improvement of microbial populations.

3.1. Role of biochar in the reduction of
greenhouse gas emission

The major greenhouse gases are methane (CH,),
carbon dioxide (CQO,), and nitrous oxide (N,O).
The agriculture sector contributes to a major part
of greenhouse gas emissions [56]. Nitrogen fertili-
zer contributes to about 70% of N,O emissions. As
per the UNFCC Paris Agreement, the global
greenhouse gas emissions must be reduced to
about 6% yearly and to regulate the global tem-
perature elevation to below 2°C [57,58]. Several
methods are available for the removal of green-
house gases [59]. Several studies reported the use
of agricultural wastes and residues as a tool for
mitigation of greenhouse gas emissions. In recent



10272 (&) H.LIUETAL

years, biochar application has been considered an
effective method to reduce greenhouse gas emis-
sions [60-62] because it has a good adsorption
capacity for greenhouse gases and ammonia [63].
It has been known to alter the abundance of green-
house gases in different environments. For appli-
cation in greenhouse gas mitigation, biochar can
be derived from softwood [64], food waste [59],
biochar-fertilized chernozems [65], biochar man-
ure mixtures [66], activated biochar pellet fertili-
zers [67], straw [68,69], walnut and coconut shells
[50], and nZVI-biochar nano-composite [70].

Biochar can be prepared from straw and can be
applied to the crops. In this regard, a study was
conducted where the effects of amending the bio-
char derived from straw were evaluated for emis-
sions of carbon dioxide, methane, and nitrous
oxide [71]. The study demonstrated that biochar
application in combination with urea increased
methane emissions by ten-fold as compared to
urea alone. Also, there was an enhancement in the
CO, uptake, but N,O emission was decreased.
This CO, uptake leads to a significant decrease in
global warming potential. A study was performed
in the soil to analyze the effect of biochar applica-
tion on greenhouse gas production rate, soil phy-
sicochemical properties and the microbial
community at varying temperatures [72]. The
results indicate that with a rise in temperature,
a higher greenhouse gas production was observed
[73]. Therefore, a direct correlation was observed
between temperature and greenhouse gas produc-
tion and biochar application. The emission of
greenhouse gases on the one hand led to the
reduction of overall microbial communities and,
on the other hand, supports the growth of some
specific =~ microbial ~communities such as
Actinobacteria and Acidobacteria. Biochar applica-
tion caused a reduction in soil N,O production,
CH, consumption and an increase in total carbon
content [74].

A recent study was focused on the determina-
tion of cumulative N,O-N, CO,-N, and CH,-C
emissions on the application of pyrogenic-C bio-
char [65]. The results demonstrated that cumula-
tive CH,-O and N,O-N emissions were
independent of biochar influence and addition
of NP fertilizer. But cumulative CO,-C emissions

were affected by biochar amendment with -NP
fertilizer and varied non-linearly. The study
demonstrated that the two types of soils used in
the study, namely sandy loam and clayey had
very close NO,-N and CO,-C fluxes irrespective
of NP fertilizer. The methane flux was reported
to be low in the incubation time. It was also
observed that cumulative CO,-C was affected by
soil fertilizer interaction. The study concluded
that biochar amendment on soil partially bene-
fited Chernozems. Reports evidenced that the
CO,-C flux reduction is affected by biochar
applications [43]. There are several factors that
affect the CO,-C emissions. These include initial
soil properties, biochar feedstock and N-fertilizer
application [43]. Multivariate redundancy analy-
sis was performed to analyze the relationship
between factors affecting soil nutrients cycling
(NP-fertilization, biochar application, and soil
texture) and factors affecting environmental per-
formance such as water-extractable organic mat-
ter pool, nutrient availability, and cumulative
greenhouse gas emissions [65]. Global meta-
analysis studies were also conducted on green-
house gas emissions [75,76]. A meta-study
demonstrated that the application of biochar
causes a reduction in CH4, N,O and NH; emis-
sions [77]. Recently, a study was focused on the
analysis of commercial biochar stability in com-
bination with clinoptilolite for the reduction in
gas emissions [78].

There are various parameters that need to be
considered before biochar applications. While con-
sidering the effects of biochar amendments on
greenhouse gas emissions, it is an immediate
requirement to understand the global warming
potential of these emissions [71]. Majority of the
research are on the application of fresh biochar.
However, it has been observed that with the aging
of the biochar, its properties change, which leads
to variable response. It has been observed that as
compared to fresh biochar, aged biochar has dif-
ferent responses [72,79]. Fresh biochars are
reported to be more efficient in terms of adsorp-
tion of greenhouse gases in comparison to aged
biochar. Aged biochar showed reduced efficiency
in adsorption of greenhouse gases and also
induced the leaching of small particulate and



dissolved components in soil. The soil properties
and microbial colonization in soil amended with
biochar change with time which in turn affects the
soil nitrogen transformation.

It has been observed that the addition of straw to
the soil improves nutrients availability and physical
properties [80]. Application of straw to the soil has
advantages such as it reduces the emission of pollutant
associated with the straw burning and it helps to
enhance the carbon storage capacity of the soil [68].
Regardless the beneficial aspects associated with the
straw addition to the soil, there are some reports that
mention that straw addition causes increased emis-
sions. For example, studies conducted on farmlands
demonstrated that N,O emissions were increased on
the application of straw [80,81]. The emissions of N,
O and CH,4 were increased significantly after the addi-
tion of either rice or wheat straw. It is known that
straw and biochar application can alter the consump-
tion as well as production of CH, and N,O. A study
was conducted where the application of biochar in
association with intermittent aeration and tidal flow
was observed [69]. The study results demonstrated
that biochar addition reduced the N,O and CH,
fluxes, which supports the increased abundance of
nosZ and mcrA genes. This led to a decrease in global
warming potential by 55.8%. Moreover, it resulted in
41.3% total nitrogen removal. The study demon-
strated that the addition of biochar along with tidal
flow led to nitrogen removal, but it also led to an
increase in greenhouse gas fluxes.

In constructed wetlands, both aerobic and anae-
robic conditions are prevalent. Therefore, they are
considered as the hotspot for N,O and CH, pro-
duction. This happens due to a high pollutant load
[69,82]. It is estimated that greenhouse gas emis-
sions from constructed wetlands will increase sig-
nificantly due to their wide applications. In
constructed wetlands, substrate plays an important
role in determining global warming potential
because it provides a growth medium for the
organisms [83,84]. Biochar has been known to
improve nitrogen removal in constructed wetlands
[85]. Studies have reported that addition of bio-
char can reduce the global warming potential of
gravel-based constructed wetlands [83,86]. To
understand the mechanism of greenhouse poten-
tial of biochar-mediated emissions in constructed
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wetlands, dissolved oxygen can play an important
role. Dissolved oxygen can control various micro-
bial reactions associated with greenhouse emis-
sions and pollutant removal [87]. In constructed
wetlands, the major problem is the low release of
dissolved oxygen due to limited atmospheric re-
aeration. Therefore, the oxidation process is
restricted, and thereby the NH," removal by nitri-
fication is affected [88]. Therefore, supplying the
oxygen periodically in constructed wetlands to
perform alternating aerobic and anaerobic pro-
cesses  for  total nitrogen  removal s
a requirement. In constructed wetlands, microbes
release greenhouse gases by biodegradation and
biotransformation. The composition of these
microbes, their abundance and their activities are
the indicators of greenhouse gas emissions [89]. It
is also known that nitrifying, denitrifying, and
methanogenic bacteria are associated with the pro-
duction of greenhouse gases [90-92].

It has been known that nitrous oxide (N,O)
has a considerable impact on ozone layer deple-
tion. It has several times more global warming
potential than other greenhouse gases. Of the
total global anthropogenic emissions, NO and
N,O emissions contribute to 10% and 59%,
respectively [79]. In recent vyears, there is
a tremendous increase in use of nitrogen fertili-
zers. Nitrification is a crucial step for the pro-
duction of NO and N,O. The two steps in
nitrification are ammonia oxidation and nitrite
oxidation. Biochar application results in soil pH
increase. This increase in soil pH is due to the
biochar’s ability to absorb exchangeable acidic
cations. The change in pH plays an extraordin-
ary role in controlling the structure and abun-
dance of ammonia oxidizers, which finally
affects the production of NO and N,O [93].
However, several studies were focused on the
application of fresh biochar [59]. However, stu-
dies focusing on the application of aged biochar
are lacking. In this context, a few studies utilized
and compared the effect in soil for fresh and
aged biochar [79,94]. It was observed that aged
biochar had lost the ability for N,O emissions as
compared to fresh biochar.

The results from a study suggested that the applica-
tion of biochar has a considerable effect on N,
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O production in soil [72]. The study suggested that
there could have been several abiotic and biotic
mechanisms responsible for soil N,O production.
The first mechanism is that after biochar application,
microbial activities could have stimulated inducing
the N immobilization. This will be led to restricting
the substrate availability to produce N,O. The addi-
tion of litter to the soil also had a negative N,
O production effect. The second mechanism is that
the application of biochar suppressed the autotrophic
nitrification processes [94]. In acidic soil, this will
reduce the yield of ammonia-oxidizing bacteria [79].
Due to the above reasons, there will be an overall
reduction in N,O production. The third mechanism
is the suppression of anaerobic denitrification in moist
and acidic soils [95]. The fourth mechanism is that N,
O redox reactions can be mediated by biochar as
a chemical catalyst [72]. Moreover, biochar may
restrict the availability of N by altering the inorganic
N adsorption. The production of N,O will be reduced
significantly, if there is a reduction in the availability of
the substrate. In addition to the direct effect, biochar
can increase soil pH, thereby improving soil aeration.
The increased soil pH facilitates the absorption of
NH," from the soil, limiting the denitrification and
nitrification processes [71]. Enhancement of soil aera-
tion leads to CH, oxidation and a decrease in CH,
production.

CH, is produced by methanogenic bacteria in anae-
robic conditions and it is influenced by fertilization in
the presence of organic carbon [96]. In agricultural
soil, the addition of crop residues leads to the incre-
ment of specific methanogenic bacterial populations,
which leads to increased CH,4 production. Enhanced
CH, production acts as a stimulator for methanogenic
bacteria growth and contributes to CH, oxidation. For
CH, production, pmoA gene encoding methane
monooxygenase and the mcrA gene encoding methyl
coenzyme M reductase are considered as phylogenetic
markers [90,97]. Although several studies have
demonstrated the effect of greenhouse gases but in
most of the studies, climate change associated with
plant CO, uptake has been underestimated. The addi-
tion of crop residues to the plants and greater photo-
synthesis benefit plant growth [98]. The biochar
amendment has a varying rate of greenhouse gas
emissions. It has been observed that CO, emissions
were not significant in soil [99].

3.2. Role of biochar amendment for remediation
of compost

Engineering biochar approaches decrease the bioa-
vailability and mobility of contaminants [100].
This can be achieved by escalating the number of
the binding site and introducing the microorgan-
isms with properties to degrade contaminants. In
this way, biochar can be invented in such a way
that it can have both a high number of binding
sites as well as microbial degradation activities.
The pristine biochar can be modified to improve
the required chemical, physical and biological
properties [23,101,102]. Approaches such as biolo-
gical methods provide diversity to the biochar
[103,104], while chemical methods provide
improved functional groups [105]. Physical mod-
ification of biochar can be performed by the use of
electrochemical, ultrasound, plasma, steam and
thermal methods. Physical methods improve the
biochar physicochemical properties such as pore
volume, surface area, ash content, aromaticity, pH,
and polarity [105,106]. In biological engineering,
the digestate produced from anaerobic digestion is
amalgamated with biochar [107-109]. Another
biological approach is to inoculate promising con-
taminant degrading microbes on biochar sur-
faces [26].

There are various methods available for biochar
production for remediation applications. These
include hydrothermal carbonization, pyrolysis,
microwave carbonization, gasification, flash carbo-
nization, torrefaction, plasma cracking and laser
cracking. Three methods, gasification, pyrolysis,
and hydrothermal carbonization, are used more
than others [110]. But pyrolysis is considered
most efficient because it is easy, requires less
energy and cost-effective [111-113]. For other
techniques such as torrefaction, gasification, and
carbonization which are used majorly for solid
fuel, bio-oil and synthetic gas vyield [114].
Recently, studies on pyrolysis are focused on the
alteration of traditional methods and the develop-
ment of new one. The purpose is to produce
engineered biochar with improved properties and
mitigate the issues of environmental contamina-
tion during their application. The new, improved
pyrolysis method improved the biochar properties,



such as higher carbonization and reduction in
functional groups such as oxygen [115]. Low oxy-
gen functional groups are also produced in steam-
assisted pyrolysis [116]. Heavy metals can be
removed using steam and microwave-assisted pyr-
olysis [117]. The advantage of reducing the oxy-
gen-containing functional group is that it leads to
an interaction between polyaromatic hydrocarbons
and biochar via electrostatic interactions [115].
There are various physicochemical properties of
biochar, including specific area, yield, pore struc-
ture, cation exchange capacity and a number of
functional groups [118].

Various factors such as pyrolysis temperature,
feedstock material, heating rate, reaction atmo-
sphere and residence time affect the pyrolysis pro-
cess and hence the biochar physicochemical
properties. It has been observed that the stability
and physicochemical properties of biochar can be
modified with an alteration in the proportion and
composition of lignocellulose [119]. Reaction tem-
perature can be considered as an important para-
meter influencing the biochar physicochemical
properties. An increase in pyrolysis temperature
can result in an increment in pore diameter, spe-
cific surface area, ash content and pH [114,120].
A reduction in the oxygen-containing functional
group is observed on high pyrolysis temperature.
Biomass materials can be maintained at low pyr-
olysis temperatures [120121]. Pyrolysis can be per-
formed using two methods, namely slow and fast
pyrolysis. Slow pyrolysis involves a long period of
heating in hours at 400-600°C without oxygen
[122]. Slow pyrolysis produces high yield of bio-
char [114]. In contrast, fast pyrolysis takes place in
a very short period of time in milliseconds or
seconds at a higher temperature 300-700°C [123].

A study demonstrated that the application of
sugarcane bagasse biochar on Brassica chinesis
L. resulted in a decrease in bioavailability of
heavy metals such as Cd, Pb, and Cu [124]. In
another study conducted at the mesocosm scale,
it was observed that application of biochar (5% w/
w) resulted in a decrease in total petroleum hydro-
carbon [125]. When the soil was amended with
biochar (2.5%) in a field experiment, it resulted in
significant polyaromatic hydrocarbon reduction
[126]. Biochar prepared from rice straw, and
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peanut vine was amended on latosolic soil, which
resulted in a reduction of exchangeable Cd [127].
Biochar prepared from agriculture residue and
applied on loamy soil resulted in mitigation of
expendable Cd and Pb [128]. When pecan shell
was used to prepare biochar, it resulted in adsorp-
tion of a very high Pb concentration [129]. Biochar
derived from vegetable wastes resulted in immobi-
lization of a very high Pb concentration in sandy
loam [130]. A reduction in pyrene concentration
was observed on the application of biochar derived
from olive pomace [131]. Application of rice
straw-derived biochar in sandy soil resulted in
a significant polyaromatic hydrocarbon reduction
[99,132,133]. Biochar derived from maize straw
resulted in a higher polyaromatic hydrocarbon
degradation [134,135].

Digestate can be used as a tool to remove the
pollutant from the soil. Digestate acts as
a biostimulant for the removal of contaminants.
Digestate, a rich source of micronutrients,
increases microbial activities and population. It is
a rich nutrient source containing a diverse and
dense population of microbes [27]. The conse-
quent increase in the bacterial population and
activities lead to the removal of the contaminants
[103,104]. The anaerobic digestion process is
required to produce digestate from agricultural
food wastes and organic fraction of municipal
solid wastes. Digestate is composed of three
parts, namely: microbial organisms, undigested
feedstock, and microbial metabolites. It can
further be classified as solid and liquid digestate
[136]. The utilization of agricultural food wastes
and organic fraction of municipal solid wastes in
digestate preparation promotes the concept of
a circular economy [137]. Digestate nutrients are
responsible for promoting microbial activity,
diversity, and abundance [103,104]. Biochar in
combination with digestate increases the contami-
nants removal efficiency. A significant reduction
in removal of Zn and Cd was observed when cow
manure biochar was applied with digestate in
a French technosol [138,139]. In a study, it was
observed that addition of digestate along with
bacteria immobilized biochar resulted in 95% pet-
roleum hydrocarbon degradation in soil [108,109].
A similar study conducted on sandy soil and clay-
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rich soil using digestate and immobilized bacteria
resulted in a higher petroleum hydrocarbon degra-
dation than in controls [103,104]. There are var-
ious advantages of using bioengineered biochar
technologies for the removal of contaminants.
The advantages are environment friendly, sustain-
able, low cost, capable of immobilizing pollutants,
able to improve the soil quality, water retention,
microbial growth-promoting activities, and carbon
sequestration potential [125,128].

Microbes can be inoculated and immobilized on
biochar to develop an effective tool for soil bior-
emediation. In the methods, the immobilized
microbes release the enzymes responsible for
detoxification of the contaminant. These enzymes
act upon the target substrates in the environment
to break down into simpler compounds. The poly-
aromatic hydrocarbons are mineralized to CO,
and H,O [27]. Microbes sequester the pollutants
either through bioaccumulation or adsorption
process. The microbial cell walls contain negatively
charged functional groups such as amino, carbox-
ylate, sulfate, hydroxyl, phosphate, and amine,
which can bind to metal ions and thereby seques-
ter them from the soil [27]. In a study, a bacterial
strain NT-2 (Pseudomonas sp.) which was tolerant
to Cd-Cu, was used with biochar. It was observed
that biochar as a carrier was responsible for redu-
cing the bioavailability of Cd*" and Cu*" in soil.
The biochar enhanced the soil enzyme activity
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resulted in increased availability of As [144,145]
and strong interaction with heavy metals [81].
Chicken manure-derived biochar resulted in
decreased metal mobility [120]. Rapeseed cake
biochar resulted in enhanced binding capacities
for Cu [146]. In the removal of metal ions, the
dissolved  organic  matter-derived  biochar
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chelates with metals [147,148]. The chelating effect
influences bioavailability, associated toxicity, and
metal speciation [81]. In complexation with poten-
tially toxic elements and dissolved organic matter,
it was observed that complexation was hampered
by water hardness and soil salinity [149]. This
happens due to competition among cations for
the complexation sites. It has been observed that
dissolved organic matter derived from biochar had
a tendency to bind with Cd with carboxyl and
phenolic group [81]. After forming a complex
between Cd and dissolved organic matter, the
complex mobility is hindered due to microbial
degradation activity [144]. It is observed that the
functional group responsible for binding with Pb
was N = O and -NO, [150]. After complex forma-
tion between metals and dissolved organic matter,
it was observed that the availability of Pb, Zn and
Cd was decreased [123,148]. It has also been
reported that the dissolved organic matter-based
biochar increases the pH value of soil [148].
Biochar-based dissolved organic matter is respon-
sible for maintaining the redox potential of soil
which enhances the soil microbe activities. The
enhanced activity will affect the contaminant bioa-
vailability and its accumulation in plants [142].
The oxyanions pollutant’s bioavailability can be
increased by various mechanisms. In soil, biochar
can form complexes with As and Fe [143,151]. The
valence ions in the oxy anions in arsenic and
chromium may be affected by the electron transfer
process. Biochar can act as both an electron accep-
tor as well as an electron donor. This is because of
its heterogeneous components [152]. The electron
transfer capability for Cr (VI) reduction of biochar
is exhibited by a high content of aromatic moieties
and quinone [153]. In a study, it was observed that
walnut-derived biochar was capable of potassium
chromate oxidation [154]. Cr (VI) reduction in
soil was observed with chelation of soil Fe(II)
and Fe(III) through the photoreduction process
by biochar [151]. Recently, several studies have
demonstrated the biochar remediation mechan-
isms [112,141,155]. In the case of inorganic pollu-
tants, including heavy metals, the remediation
mechanism is based on the valence state of the
metal ion [156].

Biochar-based dissolved organic matter can parti-
cipate in controlling the destiny of the organic
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contaminants in the soil. A study had reported that
biochar could alter the soil’s hydrophobic surface
and physicochemical properties, thereby hindering
the mobility of pesticides [157]. Biochar exhibits
photocatalytic activity by absorbing light and forma-
tion of reactive oxygen species for the degradation of
organic contaminants. It was observed that the bio-
chars having a higher aromaticity have a higher
photoreactivity as compared to with other groups
[158]. Biochar can be used in combination with
nano-zero-valent iron (nZVI) to provide stability
[159]. The advantage of using iron-based biochar
composites is that it exhibits excellent performance
for contaminant remediation [160-162]. Single
heavy metal removal by biochar immobilization is
more popular as compared to multiple heavy metal
immobilizations [163]. A study was focused on Pb
(IT) sequestration by biochar catalyst derived from
sludge [164].

Biochar has shown a great potential for pesti-
cide remediation in soil. In soil, biochar has been
reported to reduce the concentration of dimetho-
ate [165]. Biochar in a combination of metal
nanoparticles are also known to have immense
application in the area of remediation [166].
Biochar had been reported for remediation of
soil contaminated with pesticides such as imaza-
pyr, chlorpyrifos, and thiamethoxam [167-169].
Sometimes, a very high sorption capacity of bio-
char is observed so that a higher level of pesticide
accumulation is observed [45,170]. In agricultural
soil, biochar caused a reduction of thiamethoxam
in Chinese chive [169]. In a study, wood waste-
derived biochar application reduced the chiral
pesticide metalaxyl uptake in lettuce [171]. The
biochar increased the soil bacterial community,
causing an increase in the population of the pes-
ticide degrading bacteria and a shift in bacterial
community. In another study, biochar application
resulted in increased cadmium remediation, hin-
dered nitrous oxide production and alteration in
rhizosphere microbial activity [172]. There are
various interactions by which pesticides can be
retained on solid surfaces such as biochar. These
interactions include hydrogen bonding, hydro-
phobic interactions, Vander Waals forces and
covalent bonds [173,174]. Sorption is an impor-
tant phenomenon that plays a crucial role in
determining the fate of pesticides. It was observed
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that pesticides fluoridone and norflurazon sorp-
tion might take place due to Vander Walls
interactions.

3.3. Effect of biochar amendment on
microorganisms during composting

Biochar modifies various parameters in soil and
hence the growth conditions for the microbe. Due
to its unique properties, biochar can change the
microbial community associated with soil. Various
functional groups present in the biochar help in
facilitating activities such as greenhouse gas emis-
sions, remediation of toxic compounds such as
heavy metals and alteration in microbial commu-
nities. It can improve microbial growth, adsorp-
tion capacity and soil aggregate stability [99].
Biochar has been known to alter the soil microbe’s
soil activity and ultimately modifying the soil
microbial community structure [175]. There are
several parameters that need to be considered
before starting the analysis of the soil bacterial
communities [176].

Biochar has been amended in various soils using
different methods. In a study, biochar-assisted
immobilization of bacterial strain NT-2 resulted
in improved soil microbial community [26]. In
another study, biochar application in soil demon-
strated that it did not disturb the microbial com-
munity but carried out Cd remediation in soils
[172]. In a different study, when peanut shell bio-
char was applied to the soil, it resulted in
a reduction of potentially toxic elements such as
Ni, Cd, As, Pb and Cr [177]. It has been observed
that when biochar is combined with fertilizers, it
shows a good remediation potential for soil con-
taminated with crude oil [178]. A recent study
resulted in increased microbial activities in an
organic carbon deficient arid soil [179]. Dissolved
organic matter released from biochar acts as
a major carbon source for the growth of microbial
communities. Therefore, it supports the microbial
activities and population. A study reported that
when microbes were cultured in a dissolved
organic matter derived from wheat straw, it
resulted in stable microbial growth [180]. The
microbial growth leads to enhanced microbial
respiration. The increased microbial activity will

support the biochar humification process and
release of organic matter [120]. Application of
biochar derived from carbon feedstocks such as
sorghum, wood, food waste, anaerobic digestion
residues, and chicken manure [181] results in
increased soil dissolved organic content, high bac-
terial proliferation, and increased fungi commu-
nities [120]. The application of straw manure
resulted in increased microbial abundance [182].

The soil microbial activity and population is influ-
enced by the application of biochar [123,183,184],
and soil functioning is affected by soil microbial
population [120,124]. There are various methods
available to analyze the level of microbial abundance
biochar applied to the soil. These methods include
fumigation extraction [184], phospholipid fatty acid
extraction [185], genomic DNA extraction [130] and
increase microbial reproduction [186,187]. The
change in the microbial populations varies in rela-
tion to microbial diversity. Biochar application, on
the one hand, can increase the microbial population
of specific genera such as Gemmatimonadetes,
Actinobacteria, firmicutes and Proteobacteria. On
the other hand, it can decrease the microbial popula-
tion of other microbes such as Acidobacteria and
Chloroflexi [185]. Temperature and climate varia-
tions play an important role in microbial population
growth and diversity. In higher temperatures, an
increase in microbial biomass was observed [72].
Biochar-mediated microorganism activity is influ-
enced by climate change [188]. Studies were con-
ducted to analyze the effects of biochar in temperate
and tropical climates on a long-term basis
[180,189,190]. Some reports have investigated the
effects of biochar in boreal agricultural clay soils
[64,191].

In soil, the rhizosphere plays an important role in
nutrient cycling. The rhizosphere is the area around
the plant root where microbes are accumulated to
carry out a diverse array of chemical and biological
processes. Studies were conducted to determine the
fate of microbes associated with the rhizosphere in
different soils [192,193]. It was observed that biochar
is advantageous because it can enhance plant perfor-
mance and change the plant rhizosphere microbial
communities, thereby suppressing plant pathogens.
A study analyzed the effects of biochar application
on the bacterial community in tomato rhizosphere in



calcareous soil. The special feature of calcareous soil
is that it has a neutral or alkaline pH [193]. The study
results demonstrated that the amendment of biochar
resulted in soil pH enhancement, increment in car-
bon concentration, and increased vegetative produc-
tivity in tomato plants. In the context of the bacterial
community in the rhizosphere, no significant
changes were observed. The major dominant phyla
were Proteobacteria, Actinobacteria, Acidobacteria,
Bacteroides, Chloroflexi and Gemmatimonadetes.
The study also demonstrated that the taxonomic
composition between biochar treatments and con-
trol was similar. Overall, the result demonstrated
that the amendment of biochar has a limited effect
on the rhizosphere bacterial community. Biochar
can absorb the plant root exudates, and thereby it
affects plant-derived C utilization by the microbes.
A study used >CO, to analyze the rhizosphere bac-
terial communities’ abundance. The study demon-
strated that the application of biochar modified the
bacterial community actively engaged in plant-
derived C assimilation. It also modified the shape
and rhizosphere community [192]. As compared to
the control soils, a higher abundance of bacterial
species was observed in biochar applied soils [194].
The relative abundance of Bacteroides and
Firmicutes was increased as compared to the
Proteobacteria members in biochar applied soils. In
a different study, biochar application increased the
abundance of a particular genus of bacteria such as
Haliangium [195] and Asticcacaulis [196].
Phosphate  solubilizing  bacteria ~ makes
P available in a form that can be easily accessed
by the plants. In biochar-amended soils, the abun-
dance of phosphate-solubilizing bacteria was
observed, which may be due to a microbial com-
munity shift after biochar applications [197].
Biochar application can modify the bacterial activ-
ities such as soil phosphatase and mineralization of
organic P [198]. A significant increase in the
P-solubilizing bacteria was observed when soil
was amended with biochar from leaves of
C. lanceolate [175]. The application of straw bio-
char on soil has resulted in increasing the abun-
dance of inorganic P-solubilizing bacteria [199]. In
a study, an increment in the bacterial population
was observed after biochar and straw application
[68]. The study also demonstrated that the
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addition of biochar to the soil resulted in
a reduction in denitrifying bacteria and
a decrease in ammonia-oxidizing archaea.
A study reported biochar application shifted the
microbial community toward lignin degradation
and thereby reduced the organic matter minerali-
zation [200]. A recent study had examined the
effect of pyrogenic materials on soil bacteria. The
study analyzed the bacteria on the phylum level.
The study demonstrated that the soil type has
a major role to play in shaping microbial commu-
nity structure. It was observed that a few of the
genera were consistent with the pyrogenic material
application.  They include  Mesorhizobium,
Ramlibacter, Nocardioi-des, and
Noviherbaspirillum [201] .

4, Role of bioengineered biochar in waste
recycling

4.1. Aerobic/Anaerobic digestion

4.1.1. Composting

Aerobic digestion (also referred to aerobic com-
posting) is a biological process that consumes the
degradable organic matter under aerobic condi-
tion, which usually accompanied by the generation
of CO, and NHj; [202]. As composting time past,
harmful matters and pathogens could be degraded,
while solid waste could transform into organic
fertilizer. Conventional composting is a time-
consuming technology that often takes place in
windrows. Recently, major methods have intro-
duced earthworms (vermicomposting) as well as
biochar during the composting process, in order to
shorten the time, raise the efficiency, and improve
the compost characteristics (Figure 2).

Biochar as an additive during composting has
been highly regarded due to its special physico-
chemical properties. Many studies have demon-
strated that biochar addition could improve
composting performance, reduce gas emissions,
and adsorb heavy metals [203]. It has been
reported that the high porosity of biochar is con-
ducive to the aeration for the composting pile;
hence, biochar can be used as a bulking agent.
Experiment has been performed to study the uti-
lization of biochar (derived by Eucalyptus grandis)
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Figure 2. Recycling of biowaste and conversion into useful end products.

for the composting [204]. The existence of biochar
optimized the poultry manure compost by redu-
cing nitrogen losses, decreasing the odor emis-
sions, and promoting organic matter degradation.
Therefore, biochar could enhance the degradation
of organic matter during composting [205-207].
Results suggested that biochar adsorbs the NH,"
and H,S, etc., resulting in the acceleration of
degradation rate of organic matter [208].
Co-composting of poultry manure and wheat
straw employed biochar as an additive [209]. The
results showed that biochar addition has shortened
the thermophilic period of compost for about 4-
5 days, which is benefit to the maturity. However,
the increased temperature influenced the compost
by increasing the emissions of CO,. Likewise,
Duan et al. [210] confirmed that wheat straw
derived biochar addition led to a high CO, emis-
sion during the co-composting of sewage sludge.
Several studies have shown opposite results, which
biochar addition has decreased the CO, emission
[211]. In addition to CO,, other greenhouse gases
(such as N,O, CH,, and NH3) are reported to be
reduced due to the addition of biochar while com-
posting. In the research of [212], although the CO,
emission increased, the emissions of N,O, CHy,,
and NH; were all decreased because of the biochar
addition. Also, [188]\ proved that biochar addition

reduced NH; emission by 58.03-65.17%, CH,4 by
92.85-95.34% and N,O by 95.14-97.28%. Briefly,
it is feasible to add biochar during composting for
the alleviation of greenhouse gases emissions
[213]. The porous structure of biochar promoted
the sorption of NH," and NH3, ensured O, circu-
lation, thus improving the composting efficiency
and performance. Impacts on microbial activities,
contaminant eliminations, and nutrient supple-
ments are remained to be further reviewed.

4.1.2. Anaerobic digestion (AD)

AD is a conversion process that organic matter of
waste was transformed into methane-rich biogas
with the absence of oxygen [214,215]. Recently,
biochar being applied in the AD system for bio-
waste energy recycling has caused attention.
Biochar is a kind of low-cost carbonaceous mate-
rial with abundant functional compounds and spe-
cial physicochemical performance. During the AD
process, biochar could stimulate the CH,4 produc-
tion, improve the process rate, maintain the sys-
tem pH and regulate microorganisms [59,216,217].
CH, content reflects the AD efficiency to some
extent. Corn stover biochar enhanced the produc-
tion of CH, in the anaerobic digestion of sewage
sludge [153]. The anaerobic digestion of citrus peel
waste produced 165.9 ml-g-VS_1 CH, [218].



Comparably, the addition of wood biochar, coco-
nut shell biochar, and rice husk biochar all
increase the CH, yield to 172.10, 171.30, and
186.80 ml-g-VS™', respectively. The study also illu-
strated that biochar addition could avoid or
shorten the lag phase, and accelerate the startup
of AD system (Figure 2). Also, corn stover biochar
increased the CH, content in the produced biogas
by 20.4-29.3%, and improve the digestion rate of
sludge [219]. Moreover, different concentrations
of biochar (1 and 10 g/L) shorten the lag phase
from 10.81 d (0 g/L) to 10.48 d and 9.26 d, respec-
tively [220]. The precursors of biochar influence
the properties, resulting in different performance
during AD process. Jang et al. [221] considered
that the performance of wood biochar is better
than wheat straw or sheep manure ones. The addi-
tion of wood biochar increased the methane yield
(a 32% increase) compared with the control treat-
ment, while wheat straw- and sheep manure-
derived biochars showed no significant effect on
methane generation.

pH value is a primary evaluation index for the
effectiveness of the AD process, which the solution
pH significantly affects the microbial functions
[222]. The drop of solution pH is generally caused
by volatile fatty acids (VFA) and results in the
inhibition of the methane generation [217].
Fortunately, biochar has the buffer capacity that
is mainly attributing to its diverse surface func-
tional groups. [223] found that biochar addition
could degrade the produced VFA and alleviated
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pH decrease. Besides, Methanosarcina is also
found enriched around the biochar, suggesting
the high affinity between Methanosarcina and bio-
char. It offered the adsorptive site for methano-
gens and stimulated the interaction between
bacteria and methanogens. Magnetic biochar pre-
vented methanogens loss and increased the
methane production (11.69%) in AD process
[224]. Similarly, biochar prevented the drop of
pH and adsorbed methanogens, thereby shorten-
ing the lag phase and accelerating the rate of CH,4
generation [225]. Biochar can also alter microbial
community in AD process. Algae biochar at low
ratios (1% and 4%, v/v) improved the enrichment
of Methanosarcina and altered microbial commu-
nity structures in AD process [226]. Additionally,
biochar can improve bacteria’s growth and med-
iate the direct interspecies electron transfer (DIET)
[227]. DIET is a common metabolism of syn-
trophic microorganisms [228]. The syntrophic
relation between methanogens and bacteria deeply
influences the efficiency of AD process [229].
Biochar as a conductive material can efficiently
accelerate methanogenesis by mediating DIET.
Overall, the addition of biochar in AD system
plays a crucial role in CH, production promoting,
pH value buffering, and microbial community reg-
ulating. The precursor’s types and physicochemical
properties of biochar benefited AD process differ-
ently. Nevertheless, energy recovery and cost
should be considered for large-scale application
(Figure 3).
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Figure 3. Various substrates utilized in preparation of biochar for diverse applications.
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4.2. Removal or mitigation of organic and
inorganic pollutants

Nowadays, organic and inorganic (heavy metals)
pollutants in environment have been mainly
caused by human productive activities, including
mining, electroplating, smelting, and electronic
industries, chemical fertilizers, pesticide utiliza-
tions, etc.

4.2.1. Adsorption of organic pollutants by biochar
Organic pollutants are extensive and complex in
environment, including natural and synthetic
sources. Several organic pollutant removal methods
have been proposed, such as adsorption, degrada-
tion, hydrolysis, and photolysis [230]. Engineered
(modified) biochar has been studied as a hotspot
for its good adsorption potential. The studies of
organic pollutant adsorption by biochar mainly
focuses on antibiotics, phenolic compounds, dyes,
volatile organic compounds, and so on. Antibiotics
are developed to treat infection-related problem for
human and animals. Most of them are not adsorbed
or metabolized in bodies, and, therefore, have been
released to the environment. Sulfonamide antibiotics
have broad antibacterial activity, such as sulfametha-
zine (SMT), sulfamethoxazole (SMX), sulfathiazole
(STZ), etc. Bamboo biomass was pyrolyzed at 380°C
with H3PO, activation to prepare biochar (named as
BBC380) [231]. The maximum adsorption capacity
of BBC380 showed a decrease order as STZ
(237.71 mg/g) >SMX (sulfamethoxazole, 88.10 mg/
g) > SMT (65.74 mg/g). Moreover, the results sug-
gested that the surface functional groups of BBC380
may act as strong m-electron-donors and had
a strong adsorption affinity for sulfonamides (m-
electron acceptors). It is believed that BBC380 is
very effective on sulfonamides removing.
A previous study reported the preparation of steam
activated tea waste-derived biochar and its utiliza-
tion on the sorption of SMT [232].

The highest adsorption potential was 576.1 mg/
g, above 1.5-fold better than that of the pristine
biochar (342.2 mg/g). Tetracycline (TC) is also
a frequently used antibiotic [233] has found that
the H;PO, modification improved the TC sorption
of biochar prepared by rice straw and swine man-
ure, especially for swine manure-derived biochar

(about 25% enhancement). To date, biochar com-
posites have raised much concern about organic
pollutant removal. Bamboo was pre-treated with
Graphene oxide (GO) suspension and then pyro-
lyzed at 600°C [234]. The SMT removal ability has
been increased 1.14 times by GO-biochar com-
pared to pristine biochar [235]. In addition, TC
was adsorbed by a novel solid digestate-derived
biochar-Cu NP composite with a removal effi-
ciency of 97.8% [236].

Dyes have become a large proportion of organic
pollutants in wastewater due to the development
of textile industry. Methylene blue (MB) is one of
the most common dyes that has been studied by
many scientists. ZnCl,-activated biochar form
tomato has been prepared and used for MB sorp-
tion [237]. Maximum MB sorption capacity has
reached at 400 mg/g. Despite [238] discussed the
MB sorption abilities of biochars prepared by dif-
ferent materials (pine wood, pig manure and card-
board), the best adsorption capacity for MB is
16.30 mg/g. In contrast, bamboo dust carbon
(BDC), coconut shell carbon (CSC), groundnut
shell carbon (GNSC), rice husk carbon (RHC)
and straw carbon (SC) were obtained through
carbonized and steam activated [239]. The MB
adsorption capacities of these adsorbents are
found to be of the order: BDC < GNSC < CSC <
RHC < SC, with the maximum amount of
472.1 mg/g. However, biochar composites applied
on dyes adsorption are still lack of studies
currently.

The adsorption mechanisms of organic con-
taminants by biochar mainly include partitioning,
pore filling, surface adsorption, hydrophobic inter-
action, and electrostatic interaction [240]. Several
reports revealed that the adsorption of removing
organic pollutants by biochar is a combination of
several mechanisms. Partitioning is normally char-
acterized by linear isotherms and non-competitive
adsorption [241]. Organic pollutants are effectively
complexed with the non-carbonated phase of bio-
char, especially with the oxygen-containing func-
tional groups such as hydroxy and carboxy groups.
[242] prepared orange peels-derived biochar and
found that the isotherms of the 1-naphthol and
naphthalene sorption conform to the linear rela-
tion. They also found that with the increasing of



pyrolyzed temperatures (100-700°C), isotherms
changed from linear to Freundliuch. This phe-
nomenon was further elucidated as a result of
multiple mechanisms including polar interaction
(hydrogen bonding), m-electron interaction, pour
filling, etc [243]. Because of the porous of biochar,
hydrophobic-containing organic chemicals are
easier to be sorbed by partitioning and hydropho-
bic interaction [244]. Also, a novel Fe;O,/gra-
phene oxide/citrus peel-derived biochar reacts
with the hydrophobic compounds of ciprofloxacin
and sparfloxacin through the hydrophobic inter-
action to realize the removal of organic pollu-
tants [245].

Furthermore, surface adsorption occurs on the
carbonated fraction of biochar, which is mainly
influenced by the temperature of pyrolysis. This
process is often ascribed to the physical adsorption
between molecules and atoms or the chemical
adsorption of molecules being attached to the sur-
face of the adsorbent (Figure 4). Aromatic-m and
cation-m interaction is a typical chemical adsorp-
tion. For instance, wood and grass pyrolyzed bio-
chars (=500°C) could serve as m-electron-donors
and combined with phthalic acid esters, which
contained aromatic-n electrons as m-acceptors,
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hence achieving the adsorption of phthalic acid
esters by biochars [246].

4.2.2. Adsorption of heavy metals by biochar
Unlike organic pollutants, heavy metals cannot be
biodegraded; in contrast, heavy metals have the
features of biological accumulation and magnifica-
tion. Therefore, heavy metals are regarded as high
bio-toxicity pollutants. Biochar, as a promising
bio-adsorbent and carbon-containing material
has been widely used in the removal of heavy
metals in soil and water, recently. The adsorption
ability of biochar for heavy metals is influenced by
the nature of biochar itself on the one hand and
the characteristics of metal ions on the other hand.
Surface as well as physic-chemical properties of
biochar play a crucial role in heavy metal adsorption.
Due to the varieties of raw materials (lignocellulosic
feedstock’s, manure, and sludges, etc.) and the dif-
ference of preparation conditions (temperature,
reaction time, and modification methods, etc.), the
obtained biochar samples are diverse in pH value,
surface area, porosity, pore distribution, and surface
functional groups. Research on the heavy-metal
removal of different biomass-derived biochars
(Table 1) suggested that many kinds of agricultural
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Figure 4. Mechanisms of biochar interactions with different pollutants. (Abbreviations: M-metal particles, M*-charged metal ion, e ~

electron, P-pollutant, B-biochar.).
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Table 1. Different types of raw materials and their modification.

Raw Specific surface Heavy Adsorption
materials Preparation conditions Modification methods area (m’g™") metals capacity (mg/g)  References
Corn straw 300°C, 3 h UV-radiation 2979 Cr(VI) 20.04 [261]
Softwood Slow pyrolysis 170 kHz ultrasound pre-treated; 503.60 Cu 19.99 [262]
NaOH activated
Hickory 600°C, 1 h KMnO, activated 205 Cu 14.45 [263]
wood
Pinewood 600°C, 1 h y-Fe,03 activated 193.1 As(V) 0.43 [264]
Yak manure 350°C, 2 h H,0, activated 6.36 Pb 169.57 [265]
Opuntia ficus 70°C, 15 h MnO, activated / Cu 80.60 [266]
fibres
Canola straw 700°C, 2 h Steam activated 106 Pb 195 [267]
Manure 5.1 115
pellet
Sawdust 356 69
Wheat straw 316 125
Paper mill 600°C N, as the purging gas 27.2 Ni 58.48 [221]
sludge Cu 39.37
Cd 37.04
Pb 256.41
Rice straw 10.9 Ni 54.95
Cu 19.57
cd 42.74
Pb 133.33
Wasted kelp 500°C, 2 h FeCl;- 6H,0 magnetization 0.97 Cd 23.16 [268]
Cu 55.86
Zn 22.22
Wasted 63.33 cd 19.40
hijikia Cu 47.75
Zn 19.13
Bamboo 450°C, 3 h Eggshells pre-treated / Pb 261.1 [269]
chips
Hickory / 220.6
chips
Peanut hulls / 103.3
Rice straw 200°C, 3 h (Hydrothermal FeCl; catalyst / Cu 4.0 [270]
carbonization) Pb 6.75
Corn stalk 800°C, 2 h nZVI-BC 603.4 Cu 195.1 [271]
Pb 161.9
Zn 109.7
Corn stalk 500°C, 2 h nZVI-BC (1:1) / Cd 33.81 [231]
As(l1l) 148.5
Rice husk 300°C, 1 h Impregnated with Fe** / As(V) 0.75 [272]
Cr(VI) 0.68
Rice straw 450°C, 3 h Chitosan and pyromellitic 62.6 Cd 38.24 [273]
dianhydride modification Cu 96.11
Pb 13.93

or forestry biomasses are promising precursors of
biochars. The type of feedstock’s affects biochar
properties and adsorption capacity. [247] pyrolyzed
rice straw (RS) and paper mill sludge (PMS) at 600°C
and obtained biochars with the specific surface area
of 10.9 m’g ' and 27.2 m’g ', respectively. It is
considered that the surface area and surface func-
tional groups make contributions to heavy-metal
adsorption. However, despite the surface area is
regarded as the main physical property that influ-
ences the adsorption of biochar [248], the

corresponding adsorption capacity cannot be guar-
anteed to reach the maximum. For example, canola
straw, manure pellet, sawdust and wheat straw were
prepared into biochars under same conditions and
activated by steam [117].

The results showed clearly that sawdust-derived
biochar has the largest specific surface area, fol-
lowed by wheat straw, canola straw and manure
pellet. All these biochars were employed to adsorb
lead (Pb) and canola straw-derived biochar has the
highest maximum adsorption capacity (195 mg/g),



which is about 2.8 times higher than sawdust-
derived biochar (69 mg/g). Similarly, [249] com-
pared the heavy-metal removal ability of rice husk-
and dairy manure-derived biochars. Rice husk-
derived biochar had a larger specific surface area
than dairy manure-derived biochar (27.8 m*g™" vs
5.61 m°g '). The results showed that the Pb, Cu,
Zn, and Cd removal capacities of dairy manure-
derived biochar (above 486 mmol/kg) are much
higher than those of rice husk-derived biochar
(less than 140 mmol/kg). It is probably because
that the dairy manure-derived biochar contained
mineral components such as CO;* and PO,”,
which were conducive to improve the adsorption
capacity.

In addition, biochar showed different adsorp-
tion capacities to different types of heavy metals.
At present, biochar adsorption mechanisms for
heavy metals mainly include cation exchange, elec-
trostatic interaction, co-precipitation, surface com-
plexation, ion reduction, and physical adsorption
[250]. The heavy-metal properties such as ion
radius, electronegativity value, charge density,
and ion potential have an impact on the adsorp-
tion potential by biochar. [251] evaluated the effect
of removing heavy metals by the orchard pruning-
derived biochar and found the removal trend was
Pb > Cr X Cu. First of all, Pb has the highest
electronegativity constant (2.33) than Cr (1.90)
and Cu (1.66). Among several typical heavy metals
that studied most (Pb, Cu, Zn, Cr, Cd, etc.), it is
generally believed that biochar has a strong
adsorption capacity for Pb. For instance, olive
stone-derived biochar has a maximum adsorption
capacity of 179.3 mg/g, higher than Cd (59.88 mg/
g) and Cu (18.22 mg/g) [227]. Similar conclusions
can be found in several studies [252-254].
Additionally, Cr has a higher charge density than
Cu, suggesting the probable higher columbic
attraction of the biochar. The higher adsorption
may also be attributed to ionic potential and
radius of the hydrated ion [255].

To maximize the removal efficiency of biochars,
several new strategies have been employed to alter
the biochars. [256] performed a novel biochar-
supported nanoscale zero-valent iron (nZVI-BC)
and found it a promising material for As(III)
removal. The maximum adsorption capacity of

BIOENGINEERED 10285

nZVI-BCwas 148.5 mg/g, which was higher than
that of nZVI (3.5 mg/g) and zeolite-supported
nZVI (11.52 mg/g), previously [257,258]. A novel
composite material (magnetic biochar/MgFe-
layered double hydroxides) was synthesized and
the maximum adsorption capacity of Pb has
reached at 476.25mg/g [259]. Overall, modified
biochar adsorbs heavy metals more effectively
than pristine biochar. Efforts have been made
about increasing surface area, introducing abun-
dant functional groups and modifying magneti-
cally to improve the removal ability of heavy
metals by biochar.

4.3. Remediation of pesticide residue

Pesticide is a broadly defined term including her-
bicide (control weeds), insecticide (control insects
and pests) and fungicide (control fungi), etc [260].
The excessive use of pesticides can cause toxic
effects on environment and human health.
Biochar is considered to be soil amendment due
to the unique physicochemical parameters like
high surface area, abundant functional groups,
and low toxicity. Studies have been performed to
show that biochar can decrease pesticide pollutants
in soil through adsorption. The adsorption
mechanisms of biochar on pesticides are similar
to those of other organic pollutants. For example,
4-chloro-2-methylphenoxy (MCPA), a herbicide,
is investigated on its adsorption by wheat straw
biochar [261]. The results showed that MCPA
accumulation has been significantly reduced by
biochar and biochar-amended soil (1.0 wt% bio-
char). Sorption isotherms of MCPA were fitted
well to the Freundlich equation. Also, 77% of
atrazine (herbicide) has been removal by the bio-
char converted from dairy manure [262].

The dominant sorption mechanism could be
atrazine partitioning into the organic phase. [263]
discussed the sorption of terbuthylazine in soil
amended  with  biosolids and  biochars.
Interestingly, sawdust biochar displayed higher
adsorption efficiency of terbuthylazine than the
biosolids (63 times higher). A comparative study
has been performed by Tatarkova et al. [263]
about the remediation behavior of biochar for
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pesticide in soil. Herbicides aminocyclopyrachlor
and bentazone were almost completely adsorbed
by the steam activated biochar (with higher speci-
fic surface area and lower dissolved organic carbon
content) amended soils. However, the adsorption
of pyraclostrobin (fungicide) did not increase by
the addition of biochar. In addition to herbicide,
0.5% (w/w) Eucalyptus spp. woodchip biochar was
added for the amendment of acetamiprid (insecti-
cide) in red soil, paddy soil, and black soil [264].
52.3%, 27.4%, and 11.6% of the acetamiprid has
been adsorbed by biochar from red soil, paddy
soil, and black soil, respectively. Early [265]
believed that biochar additions to soil can reduce
plant uptake of pesticides. Two types of pesticides
(carbofuran and chlorpyrifos) have been amended
(51% and 44%, respectively) by adding 1.0% (w/w)
Eucalyptus sp. woodchip biochar to the soil after
35 days. [266] evaluated the maize straw biochar
amendment on thiacloprid pollution. Biochar pro-
moted the adsorption of thiacloprid and changed
bacterial community of the amended soil. Overall,
it has been considered that biochar can signifi-
cantly reduce pesticides and contribute to the
remediation for pesticide-polluted soil. Biochar
precursors and their applications are depicted in
Table 2.

5. Role of biochar on microbial dynamics and
enzymes activities

Microbial activity is one of the crucial indexes that
reflects soil quality. Soil microorganisms (fungi

Table 2. Biochar precursors and their application.

and bacteria) play an important role in organic
matter decomposition, nutrient cycling, pathogen
suppression, and soil aggregation [267,268].
Biochar as a carbonous material has abundant
compounds and high porous structure; hence, it
changes the physicochemical properties of soil and
affects the dynamics of microorganisms. Soil
amendment with biochar improves microbial
flora of the soil [269]. Related studies have been
performed on the interactions and probable
mechanisms between biochar and soil microor-
ganisms. [270] confirmed that biochar produced
via eucalyptus wastes (branches) increased micro-
bial quality of the soil and the activities of enzymes
B-glucosidase, acid phosphatase, arylsulfatase, and
urease. However, biochar may have no effect or
adverse effect on the soil microbial regulation at an
improper amendment ratio. As reported by [271],
0.5% (w/w) maize biochar added into the soil
could enhance soil enzyme activities. The study
demonstrated that with the increasing amount of
biochar amendment, the enzyme activities were
suppressed. The varying additional amounts of
the biochar affect not only the organic carbon
and total N contents, but also the soil microbial
communities after 90 days incubation. It can be
speculated that the regulation of biochar on soil
microbial highly depends on biochar types, dosage
amounts, and soil properties [268].

The large surface area and high porosity of
biochar is in favor of soil microorganisms’ growth
and hosting. Therefore, precursor’s types, pyrolysis
conditions (temperature and reaction time), and

Amendment
Biochar precursors Soil type ratio Effects References
Maize straw Fluvo-aquic 0.5% Enhanced soil enzyme activities [245]
Rice straw Anaerobic 3% Decreased denitrifying bacteria abundance and [246]
paddy increased iron-reducing bacteria
Peanut shell Kaolin clay 0%, 5%, 20% Increased water holding capacity and microorganisms’ [247]
growth
Chestnut wood / / Declined B-glucosidase [250]
Maize Sandy soil / Increased available water capacity [256]
Oilseed rape, wheat straw, miscanthus / / Decreased the concentrations of acyl-homoserine [257]
straw, mixed softwood, rice husk lactone
Willow Podzolic soil / Reduced bioavailability of polycyclic aromatic [259]
hydrocarbon
Forest logging residues Karst Altered the nutrient status and microbial community  [274]
mountainous structure of karst soils
Platanus orientalis branches Paddy soil 3% Enhanced the activities of soil catalase and urease [251]
Eucalyptus wastes branches Experimental 30 mg/ha  Increased the activities of enzymes B-glucosidase, acid [244]
field phosphatase, arylsulfatase and urease




modification methods of biochar should be con-
sidered on the utilization of soil amendment. For
example, rice straw was produced at 300, 500, and
700°C (B300/B500/B700) and the obtained bio-
chars were employed as soil amendments on
a paddy soil [272]. The surface area of biochar
increased from 4.40 m*/g to 161 m?*/g with the
increasing temperature from 300°C to 700°C.
Abundance of denitrifying bacteria, such as
Bacilli, was clearly decreased by biochar B300,
B500, and B700 from 16.9% to 13.6, 10.0, and
7.07%, respectively. Denitrifying bacteria could
cause denitrification, which further causes the
loss of soil nitrogen. Besides, the abundance of
Clostridia increased from 33.3% (control soil) to
40.6, 48.2, and 50.6%, respectively. Clostridia is
a kind of iron-reducing bacteria, which can com-
pete with methanogens (produce CH,), thereby
suppressing the emission of CH,. In brief, this
study suggested that biochar, especially with high
surface area, contributes to alleviate the emission
of N,O and CH, and amend the microorganisms’
dynamics of paddy soil. Likewise, the porosity of
biochar, which increased with the surface area
normally, could also improve the growth of soil
microorganisms [273].

Soil enzyme activity is often connected with
soil organic matter, soil physical properties, and
microbial activity or biomass. [274,275] investi-
gated how the wheat straw biocharamendment
decreases soil enzyme activities in a Torreya
grandis orchard. The results showed that activ-
ities of soil cellulase, P-fructofuranosidase,
nitrate, and nitrite reductase have been signifi-
cantly decreased by biochar amendment. It is
probably because that biochar might bind with
substrates or extracellular enzymes efficiently,
thus reducing the demand of enzymes. Because
of the adsorption of enzyme or substrate, the
reaction rates of P-glucosidase were declined in
biochar amended soil [276]. Nevertheless, the
mechanism of enzyme activity impacted by bio-
char is not entirely understood. Several
researches have proposed contradictory results.
The utilization of peanut shell biochar as an
additive increased glucosidase, glucuronidase,
and phosphomonoesterase activity [36,277]
developed Platanus orientalis branches biochar
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and modified with iron, and then applied in
a paddy soil. Interestingly, pristine biochar
enhanced the activities of soil catalase and
urease, but the activities were suppressed by Fe-
modified biochar (Table 3).

Biochar affects the soil bulk density, aeration
condition, water content, cation exchange capa-
city, and pH, thereby modifying soil microbial
community and enzyme activity [278,279]. As
biochar influences these soil physiochemical
properties, the adsorption efficiency between
enzymes and substrates likely depends on the
characteristics (structures and chemical com-
pounds) of amended biochar and the types of
soil enzyme. There have been hypotheses about
how biochar influences microbial dynamics and
enzyme activities and functions as soil amend-
ment. Direct influences mainly refer to the point
that biochar provides nutrients and shelters for
microorganisms [280,281]. Besides, biochar
degrades soil contaminants, improves soil prop-
erties, affects adsorption of enzymes, interrupts
the communications between microbial cells, and
ultimately affects the microbial activity [282-
286287]. Therefore, effects of biochar as soil
amendment are needed to be further investigated
and the underlying mechanisms are still
remained to be clarified.

6. Conclusions and future prospects

Biochar, a by-product of engineered waste biomass,
has a lot of potential for reducing environmental
impact, combating climate change, and establishing
a circular economy. Biochar is an economically
viable waste treatment material because of its reusa-
bility and quick availability, regardless of the season.
Collaborative research activities focused on produ-
cers, consumers, government is essential for the
fruitful promotion of biochar-based circular econ-
omy technologies. Overall, it was discovered that the
biowaste elements, in combination with the engi-
neered process parameters, play a pivotal role in
the yield and composition of the biochars produced.
As a result, it is critical to perform additional studies
focused on discovering production methodologies
and biochar qualities for circular economy-based
sustainable production.
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Table 3. Effects of various biochar synthesized from different sources.

Application  Effect on greenhouse gas Effect on
Biochar substrate used target emissions remediation Effect on microbial community Reference
Debarked spruce and pine  Soil in No effect on Increased Niand Cd NA [43]
trees Stagnosol emissions of in Umbrisol.
and greenhouse gases Increased Ni, Fe,
Umbrisol (CO,, N,0, and CHy). P, Mg, K, Al,
field S and Cu.
Sewage sludge Anaerobic Enhanced CH, NA NA [275]

digestion of production.
fruit wastes

Commercial biochar Chernozems No effect on cumulative NA NA [44]
derived from pinewood (sandy clay CH4-C and N,
loam and O-N. Cumulative CO,-C
clayey) varied non-linearly.
Commercial biochar Mollisols Increased CO, and CH,  NA NA [45]
derived from pinewood (sandy clay flux on biochar
loam and application with
clayey) manure as compared
to biochar alone.
Straw Rice paddy Increased CO, uptake NA ND [50]
field
Sugarcane Life cycle Lowering of greenhouse  NA ND [41]
assessment gases
of biochar
production
from sugar
Spruce Temperate Increased temperate had NA Decrease in overall soil microbial [51]
forest soil positive response on biomass. But promoted selection of
soil CH4, CO, and N,0 active microbial community.
Palm Rice field Decreased greenhouse NA NA [46]
gas emission
Peanut shells Luvisol soil Increased CH,4 uptake. NA Increased relative abundance of pmoA [47]

gene. Decreased relative abundance
of nirS, nosZ and nirK genes, and
ammonia oxidizing archaea.

Tree branches of Rosa Constructed Mitigation of N,O and Increased total Increased abundance of nosZ and [48]
anemoniflora wetlands CH, fluxes. nitrogen mcrA genes, and bacteria related to
removal. N and C transformation.
Commercial biochar Liquid pig Enhanced NH; emission. NA NA [276]
derived from coconut manure
and walnut shells storage
Biochar composite Soil N,O and CO, emissions  Increased the Abundance of Gemmatimonas and [49]
were inhibited. availability of Sphingomonas were increased.
P in soil.
Compost Chicken Reduction in CO, and NA Reduction in microbial pathogens. [277]
manure ammonia.
Soil microcosm Fimi-Orthic Reduced N,O emission in NA Increased ammonia oxidizing bacteria [278]
Anthrosol acidic and alkaline and ammonia oxidizing archaea.
soils.
Tree branches Constructed Reduced greenhouse gas NA Influenced richness and biodiversity.  [279]
wetlands emission. Increased abundance of nitrifiers
and denitrifiers.
Soybean straw Calcareous NA NA No significant effect on tomato [170]
soils rhizosphere bacterial community
structure.
Wheat straw Paddy field NA NA Increased abundance of bacteria and  [280,288-
soil fungi. Increased abundance of 290]
(Hydragric archaea, Mortierella and
Anthrosol) Westerdykella. Decreased

phytopathogens such as Penicillium
and Athelia.

Chicken manure Poultry NA Removal of heavy Increased abundance of heavy metal [281,291-
manure metals. resistant bacteria.
compostin
294295] posting

(Continued)
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Application  Effect on greenhouse gas Effect on
Biochar substrate used target emissions remediation Effect on microbial community Reference
Coconut shell Soil in pilot NA Removal of heavy  Altered heavy metal removing [282,296-
scale reactor metals bacteria population. 300]
Modified biochar Soil NA NA Increased microbial biomass. [283,301-
305]
Crop residues Karst soil NA NA Soil microbes diversity and abundance [274]
were increased
Biochar- Clayey soil Pb and Cadmium NA NA [284,306-
nanocomposite remediation 312]
Tropical Malaysian tree Agricultural Increased Cd Suppressed nitrous Enhanced abundance of nitrifying and [148]
soil remediation. oxide production denitrifying bacteria.

Wood waste biochar
pesticide metalaxyl

Microcosm soil Increased uptake of chiral NA

precursor.
Enhanced abundance of pesticide [147]

degrading bacteria.

® A unified standard is required for the bio-
char industry’s healthy and long-term
development.

® Intense research on merits and limitations
of biochar for various soil applications to be
carried out to develop an economically
viable strategy for its commercialization on
industrial scale.

e Impact of biochar properties on various
applications to be explored in depth.

® Research and development activities to be
more focused on developing eco-friendly
and economically viable strategies for the
production and applications of biochar.

® There is an urgent need to fill knowledge gaps
in areas like long-term carbon sequestration,
pollution release, and the influence of biochar
on ecological systems.

e Fruitful collaboration between industry, testing
centers, and government is essential for the crea-
tion of the biochar-based circular economy
market.

e In response to changing markets, more atten-
tion should be directed at biochar research,
innovation, and creation.

Highlights

® Porosity and hydrophobicity of biochar
determines the adsorption efficiency.

® Bioengineered biochar is found to be more
efficient in bioremediation.

e Diverse applications of biochar are discussed.
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