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Biochar mitigates allelopathy i

through regulating allelochemical generation
from plants and accumulation in soil
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Abstract

Soil health is a key factor for the global food security. One of the main bottlenecks for the efficient utilization of
farmland soil is the accumulation of allelochemicals excreted by plant roots, leached and volatilized from plants, and
released during the decomposition of plant residues. The negative impacts derived from allelochemicals include:
decreasing soil fertility, breaking the balance of soil microbial community, reducing seed germination rate and crop
yield, and interfering with the growth of neighboring or successive plants. Recently, biochar, a soil amendment with
low cost and high performance, is extensively studied on its functions and effects on farmland systems. In this review,
we focused on the potential role of biochar in controlling the environmental fate and risk of allelochemicals in soils.
The source and potential toxicity of allelochemicals in farmland and the deficiencies in current methods for alleviat-
ing the allelopathy were summarized first, followed by the discussion on their sorption and degradation by biochar
as well as the impact of biochar properties on the performance and mechanism. At the same time, the generation

of allelochemicals regulated by biochar through improving plant growth conditions was analyzed. The modifica-

tion of biochar for alleviating the allelopathy and then overcoming the obstacles of agricultural production was also
addressed. Future research directions, such as targeted biochar production, the interactions between different allelo-
chemicals and biochar investigated by simulations and modeling, negative effects and stability of biochar or modified
biochar, were then proposed. This review will provide useful theoretical and technical supports for targeted biochar
applications in soils with allelopathy.

Highlights

1. Biochar can regulate the generation and release of allelochemicals by plant and be more effective after
modification;

2. Biochar alleviates the allelopathy by adsorbing or degrading allelochemicals and buffering ecological stress;

3. Biochar promotes biodegradation of allelochemicals by activating soil organisms and providing habitats for them.
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1 Introduction

With the fast increase of the global population, the
demand for food is also growing explosively. To ensure
the grain yield and quality, intensive soil cultivation
is promoted globally, resulting in the deterioration of
soil quality and reduction of crop yields (Lu and Huang
2010; Zhou et al. 2017). The obstacle of crop rotation has
become the main bottleneck of efficient soil utilization,
which will exacerbate the competition between plants for
resources in the exhausted soil. Even worse, the plants
may secrete many chemicals to ensure themselves in the
leading position of the competition. These competitions
may reduce the soil fertility, seed germination rate and
crop yields, or disturb the balance of microbial commu-
nities (Li et al. 2021). Most of the above negative impacts
are associated with the accumulation of allelochemicals
(Bennett et al. 2012). These chemicals are secondary
metabolites generated by plants. They enter soil through
volatilization from plant stems and leaves, secretion from
the root, decomposition of plant residues, and leaching
from leaves by rain or dew (Inderjit 2005; Weston and
Mathesius 2013). The content of allelochemicals gen-
erated by plants is highly determined by the nutrients,

pH value, humidity, microbial community structure and
activity, planting structure and density, as well as the
chemical stresses of the soil environment (Duke 2010).
On one hand, allelochemicals could induce the coloni-
zation of beneficial microorganisms, and thus plant can
take advantage in competing for resources (Qu and Wang
2008). On the other hand, these chemicals can inhibit the
growth of surrounding plants by interfering with their
photosynthesis, interrupting the synthesis of adenosine
triphosphate (ATP), and disrupting the normal metabo-
lism of plants (Kumar and Bais 2010; Weir et al. 2004).
In high-density crop planting, the accumulated allelo-
chemicals may exceed the defense ability of its own kind
(Yang et al. 2015). Therefore, understanding the release
and regulation of allelochemicals is crucial for improving
the utilization efficiency of cultivated soil.

Generally, allelochemical release is heavily associated
with the environmental stresses of plants. Biochar has
been proven to improve soil environment and microbial
activity (Fig. 1). Biochar is a kind of carbon-rich particle
produced by pyrolyzing waste biomass under hypoxic
conditions. Biochar application can increase soil poros-
ity and pH, retain water and nutrient (Yang et al. 2016),
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Fig. 1 lllustration of the interactions between biochar, plants, allelochemicals, and soil microorganisms. Biochar can adsorb and degrade
allelochemicals, which is beneficial in decreasing the activities of allelochemicals. The microorganisms sheltered by biochar could enhance the
biodegradation of allelochemicals. Generation of allelochemicals by plants may be decreased due to the favorite growth situation established by

biochar and microorganisms

and immobilize various contaminants (Kondrlova et al.
2018), which could reduce the environmental stress on
crops and thus decrease the generation of allelochemi-
cals. Moreover, biochar can provide habitats for micro-
organisms or establish a redox environment in soil, which
promotes allelochemical degradation, biologically and/or
chemically (Yan et al. 2021). Therefore, biochar displays
a promising potential to alleviate the allelopathy as a soil
amendment. However, some technical and practical bar-
riers are reported in biochar application in large quanti-
ties, such as its relatively high cost, release of PAHs, and
high redox potential (Das et al. 2020). Unfortunately,
most previous work only focused on a certain process in
soil, lacking attention on the comprehensive system with
multiple processes, especially in complex environmental
media.

In this review, the occurrence and implications of
allelochemicals in soil systems were first introduced.
The feasibility of biochar for regulating the release and
environmental fate of allelochemicals were examined
and summarized. The interactions between biochar
and microorganisms, plants, or allelochemicals were

systematically analyzed and discussed. The modification
of biochar with enhanced functions for alleviating allel-
opathy was also proposed. This review concludes with
emphasizing the future challenges and opportunities of
biochar application in mitigating allelopathic effects and
eventually contributing to sustainable agriculture.

2 The negative impacts of allelochemicals in soil
systems and the current preventive methods
2.1 The types and negative impacts of allelochemicals
generated by plants
Many plants can generate allelochemicals (Wang et al.
2005). For example, allelopathic wheat generated alle-
lochemical (2,4-dihydroxy-7-methoxy-1,4-benzoxa-
zin-3-one) in roots with the concentration of 300 to
900 pg/g dry weight (Kong et al. 2018); three chemicals,
veratric acid, maltol, and (—)-loliolide, were gener-
ated by crabgrass with the concentrations ranged from
0.16 to 8.10pg/g (Zhou et al. 2013). The generated alle-
lochemicals enter the soil systems through volatilization
from plant stems and leaves, secretion and drip washing
from the plant root, decomposition of plant residues,
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and leaching from leaves by rain or dew (Fig. 1). The alle-
lochemical types and associated plant species, bioactive
concentration range, and corresponding action modes
are summarized in Table 1. Different allelochemicals
may have different target physicochemical processes. For
instance, ester allelochemicals can reduce the number of
micronucleus in plant root tip cells (Duan et al. 2013);
alkaloids can destroy electron transport and ATP synthe-
sis (Veiga et al. 2008); quinones, benzoic acid derivatives,
cinnamic acid derivatives, flavonoids, and terpenoids
can inhibit the photosynthesis and respiration, nutrient
accumulation, nutrient circulation, membrane perme-
ability, enzyme activity, and hormone balance of plants
(Jose and Gillespie 1998). Allelochemicals from plants
can also cause diseases and pests to the competing spe-
cies and enlarges their own territory (Yang et al. 2015).
They may cause a substantial decrease in the quality and
yield of other crops and even the death of other species
in extreme cases (Aschehoug et al. 2016). The overall
action mechanisms include the inhibition of cell differ-
entiation by changing the cellular and submicroscopic
structures, enhancement of cell membrane permeability,
reduction of selective permeation, decrease of hormone
and enzyme activity, inhibition of photosynthesis, and
blockade of gene expression. Mostly, several mechanisms
play a synergistic role in inhibiting the growth of plants,
which is more pronounced when multiple allelochemi-
cals coexist.

2.2 Deficiencies in current methods for alleviating
the allelopathy

Recently, investigators have carried out various studies
to alleviate the allelopathy in soil by regulating the bio-
logical conditions and environmental factors (Sujeeun
and Thomas 2017; Zhang et al. 2018). For instance, Li
et al. constructed a reductive system of soil disinfestation
to effectively degrade the allelochemicals generated by
Panax notoginseng and suppress the pathogens (Li et al.
2019b). However, the variety of allelochemicals produced
by different plant species, combined with the complexity
of soil systems, pose many difficulties in alleviating allel-
opathy (Yang et al. 2016). Cropping modes, such as crop
rotation and intercropping, are helpful in alleviating allel-
opathy (Korai et al. 2018). They can maintain the crop
yields for a short time and are economically preferred
without additional financial investment. However, long-
term crop rotation and intercropping may cause higher
accumulation and diversity of allelochemicals in soil. Soil
still faces the problems of fertility reduction, quality deg-
radation, and microbial imbalance (Korai et al. 2018). The
use of chemical fertilizer in soil can supplement nutrients
in a short period of time, reduce the occurrence of pests
and diseases, and thus alleviate the allelopathy (Ding
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et al. 2012). However, nutrients may be leached during
rain events, and long-term use of chemical fertilizers
will cause soil degradation and environmental pollution
(Tong et al. 1997). Therefore, it is urgent to find a new
method to regulate the generation and release of allelo-
chemicals and release in soil systems and thus improve
agricultural production.

3 Biochar application decreases the effective
allelochemical concentration through sorption
and degradation

Biochar may alleviate the negative impacts of allelochem-

icals in soil through sorption and degradation owing to

its physicochemical properties. The sorption and degra-
dation of allelochemicals by biochar released from plants

are presented in Fig. 2.

3.1 Biochar properties affecting allelochemical sorption
The physical and chemical properties of biochar deter-
mining their sorption characteristics include specific sur-
face area, particle size, porous structure, surface charge,
and functional groups. Generally speaking, the higher the
pyrolysis temperature, the larger the surface area of bio-
char, the more sorption sites for organic molecules, thus
the greater sorption capacity to allelochemicals (Ahmad
et al. 2014). The sorption irreversibility is another dimen-
sion that should be carefully evaluated in sorption stud-
ies. For example, micropores may play an important role
in retaining pollutants (Ma et al. 2019). When allelopathic
molecules enter pores with similar size, the pores will be
expanded, accompanied by an exothermic process, which
makes them difficult to desorb (Ma et al. 2019).

The particle size of biochar is associated with sev-
eral other properties, such as the surface area and the
abundance of surface functional groups, which gener-
ally shows a positive relationship with the sorption rate
and capacity (Patel et al. 2021). Recently, studies have
emphasized the importance of nano-sized biochar in
the removal of organic contaminants and its superior
performance compared to the bulk counterparts (Shen
et al. 2020). The particles of nano-biochar share simi-
lar characteristics with engineered nanomaterials with
great surface area and abundant functional groups, which
have high sorption affinity to organics. It seems that the
application of nano-sized biochar could be a more effi-
cient technique to remove allelochemicals compared to
bulk biochar (Rajput et al. 2022). However, it should be
noted that the biochar particles of colloidal state tend
to aggregate or move away from the original application
spot, which likely reduces the effectiveness of the nano-
size biochar. At the same time, a wide knowledge gap still
exists between the laboratory tests of nano-biochar and
its pilot application. Thus, the efficiency of nano-sized



Page 5 of 16

(2022) 1:6

Chen et al. Carbon Research

(S10Z '|e 12 BueL) SS13S dAIIBPIXO
4O UORDNPU| “UOISIAIP |19 d13 1001 BulAo1s9Q 's3||ouehlo Jo surigUISW
131N0 3y} JO 2inidnJ 3Y3 pUe BLPUOYDO}|UI JO 35BID3P a3 Buisne)

(8007 '[e 32 buiQ) Jaysuell uoi1d9| bulkonsag

“(S10Z | 19 S9|GOY) SS1IS DAIIBPIXO JO UORINPU|
(7107 e 39 1dUUag) sisayiuAsoloyd Jo uomigiyul

(¥00z O|pebAz
pue OC_CDNV SS9.1S 9AI1BPIXO JO UONDNPU| .COZ@:Qmw_ JOo uonigiyuj

‘A1IA1IDe DWAZUB ‘uonieidsal ‘sisayiuAsoloyd Jo uonigiyul

(10T e 32 UsyD) wWsljogeiaw

usbolu bunigiyur pue 1uauod 1uswbid diayiuAsoioyd Budnpay
(€002 e 32 Wiyeiqy) edueleq

QUOWLIOY ‘ANIAIIDR SWAZUS ‘AlljIqeaullad surigqusw ‘uoeldsal ‘sisayl
-uAsojoyd ‘Bula4d JuaLINuU ‘uoie|NWNDIE JUaLINU Jue|d Jo uonigiyu|

(0102 "2 19 1) duejeq

QuUOWIOY ANAIIDR SWAZUS ‘AlljIgeautad suriquisw ‘uoeldsal ‘sisayl
-uAsoloyd ‘BulPAD JUSINU ‘UofIR[NWINDIE JUaLINU Jue(d JO UOIIGIYU|
(6007 ‘| 32 Ury{SI|EDEDOY) UoNEIIdSaI puUe SIsayIuAsoloyd Jo uonigiyul
‘y1eap Jue|d pue anssf JejndseA syl Jo buiumolg pue bulyjim ayi buisned

(€661 119A0T pue Ni) sa||auebio pue sjjem |93 di1 1001
01 abewiep BuisNed pue ‘sISaYIuAs 1y pue 1odsuell uoid9s bulkoisag

€Loz
‘e 32 uenq) s||92 di1 30014 1ue|d Ul SN3PPNUOIDIW JO JagUInU ay) bupnpay

(8661 UOS|SN pue
sBuluuar) (7 oanos 0bodipay) ejleyje (gL0g ‘[e 13 Bui) buasuib (810g
‘[e 12 buiq) buasuibopnasd xpupd ‘(€007 “|e 19 |02IN) buasulb ueduswy

(ce61)
DsojnasoyPNDd bwosAIy) ‘(6107 '|e 32 PePIAIBN) ] 48/1ubpD) SsnisiD

(Sloz
|8 13 $9|qOY) SUadal paINDIUY ‘(000T HGOY PUB UIAIF) SNSNYD NduN(

(9007 BUBA puUB ONS) SNNUUD SNYIUDIIoH

(Lo

‘[B 13 UYDIUOIPEIN) bSosapuod snuld (8007 ‘| 12 buad) 7 bpyli bisoiquiy
(200T "2 19 YdIURABUOA) DIjojiIsnbuD

pydA1 '(S10Z ‘e 1@ buelblyz) (20adpapjawiAy ) ] awseldeweyd ei|1s
" asua1pid winjjojuf ‘(10 "|e 19 Uas|eD) 7 suadas winijojlil ‘(166 |

‘|6 12 BimiieH) (7 bADS 0bD2IPal) B e)IR (986 | | 19 19110d) UragAOS
(6007 010WEWEA) ("] WNIDIOPO WNYIUDXOYIUY) SSeID|RUISA

199Ms ‘(9107 '|e 19 bir) eueljeys sisdopigele (5007 ‘| 12 buepy) 3uejdbb3
(€102 |8 32 Yeplay

-NQYy) UOPWIIEM (8107 '|e 32 BunyD) (7 bANDS bzAID) 9211 (€107 ‘B 19
HuenH) 1nuead (5007 ‘|e 19 Buepn) 1ueidbbH3 (6007 e 32 USS|ED) 183U
(9861 "[2 13 4210d) URSGAOS (2 10 ‘|2 19 IYdNBON-01eY)

13qWINdND (8107 '|e 32 BunyD) (77 bAlDS bZAID) 9214 /(S 10T ‘|8 312 UdY)
0D2eqO1 ‘(€107 '|e 19 buenH) 1nuead ‘(5007 '|e 19 buepp) wueidbba ‘(€107
‘|8 33 NX) (7 WNSofnisy winijy/) UoIUO YS9 ‘(6002 ‘| 32 US|IED) 183U

(000 st 1 pibai supibng

(102 "|e 32 n) anuead ‘(2007 *|B 32 USSUBNA) J2QUININD 1By
(/00T UeA pue usyp)

abeqaed pIIm ‘(2007 e 19 1]|3U1q) sseibakl (£00¢ (e 32 1]|3U1q) ey
(7107 "|e 12 ZOWBNY) (Paamasioy) “UAs 1sinbuoid) 7 sisuappupd pzAuo)

(8861 "[e32 BisAL) uidn7 ‘(€107 e 39
oeys) 7 bjpwipby unubbad (8007 '|e 19 eBISA) (9padpiny) eqladns einioH

(€107 212 UIWSE3A)

snbeljedse ‘(€107 ‘e 32 NX) ("7 WNsSOjNISy Wnjjjy/) UoIUO YSISAN' (661
SIPINRUDG-0AR|ad pUe BARUY) (90220UIBDISAN) ] Ddbjof SIjiquiiy '(Z00T
‘B 12 1ydNBON-01eY)(“] DAIIDS DZAIO) 9211 /(900T |e 19 BueAA) 18U

9'1€-01000

661-15C

00L=10000
851-661°0'100°0-10000

851-001°0

661-85L

¥'6/-86'€

7851-85°L

851-8'Gl

851-661
1€90-6610

9Z1-9'1£'01-9C'L
1'0S—¥6£0

Y6/-¥'6/

6'Gl-1€90

auadi|
sauadiaig

2U010E| duadIalNbsas
sauadiannbsag

sauadiaiouopy

splouone|

suewno)

SOAIIRALIDP PIDE DjWeuUl)

SAIIBALISP PIDe D10ZUag

sauouInD
spioe A1eq

spunodwod Jnyding
sauaA190eA|0d

Sploexly

19159 9|dwIs

s|apow uondy

sapads jueld

(7661 seew) (6
/Bw) abues AyAndeOIg

sadfy [estwaydoja||y

YImoub Jue|d ay1 UO s|eDILIBYD03|je Y3 4O s1dedull aAnebau 3y | ajqel



Chen et al. Carbon Research (2022) 1:6

Page 6 of 16

Sorption mechanisms

Cation bridging

Free radical
pathway

Degradation mechanisms

Cation bridging

i%*/;u

Enzymatic degradation

TG \
©¢$ &0\ >—<\—>_*, * Allelochemicals //\ Microorganisms

Fig. 2 The interaction mechanisms between biochar and allelochemicals. The sorption occurs with various mechanisms playing roles
simultaneously, because of diverse compositions and structures of both allelochemicals and biochar; the degradation of allelochemicals is driven
by biochar chemical reactivity-related structures (such as redox potential, persistent free radicals, and functional groups) or biochar mediated
processes (such as biodegradation, photodegradation and electron shuttling)

biochar for organic contaminant removal in soil should
be systematically evaluated in pilot-scale studies.

The sorption strength is also highly dependent on
the functional groups on biochar (Zhu et al. 2005). For
example, oxygen-containing functional groups (OFGs)
on biochar could adsorb organics through the forma-
tion of electron-donor-acceptor (EDA) complexes in
binary and ternary sorption systems (Mohammad et al.
2018). The structures of allelochemicals and biochar
may contain aromatic rings, carboxyl groups, hydroxyl
groups, ester groups, and quinone groups. These func-
tional groups can be paired to form binary complexes.
The binding energies of the interactions can be cal-
culated based on the density functional theory (DFT)
calculations and they can be used for comparing the
sorption strength (Chen et al. 2021). In these EDA
interactions, the donors and acceptors are dependent
on the actual sorption systems, which can be eluci-
dated based on the frontier orbital theory in quantum
chemical calculations (Chen et al. 2019). The molecu-
lar dynamics simulation is also an efficient approach
to study the sorption of allelochemicals, by which the
sorption process can be visualized and the sorption

energy and mechanisms can be elucidated in statistics
(Zuo et al. 2022). At the same time, hydrogen bonds
including charge-assisted hydrogen bonds (Ahmad
et al. 2014), hydrophobic effects, and partitioning could
all contribute to allelochemical sorption on biochar
(Dai et al. 2019). Notably, the ternary sorption, such as
cation bridging formed between the negatively charged
allelochemicals and biochar, could also increase the
sorption (Xu et al. 2021b).

After their application in soil, biochar particles might
be covered by soil organic matter or microbes form-
ing an eco-corona (Wang et al. 2021). In this case, the
sorption or degradation may be mainly mediated by
the coated organic matter and soil microbes. If this
situation is not properly considered, the sorption or
degradation of allelochemicals by biochar may be mis-
estimated, most likely overestimated. The contribution
of biochar in these conditions may be quantitatively
analyzed by measuring the effective surface area.

3.2 Biochar properties affecting allelochemical
degradation

Recent studies pointed out that biochar could mediate

the degradation of organic pollutants. The degradation
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of organic pollutants mediated by biochar is recognized
as free radical pathway and non-radical pathway (Ruan
et al. 2019; Yuan et al. 2017). The main contributors in
the free radical pathway are the environmental persis-
tent free radicals (EPFRs), hydroxyl radical («OH), and
superoxide radical (+O,™) (Fang et al. 2015b). The EPFRs
on biochar may degrade organic pollutants after their
direct contact, or induce «OH or +O,” generation from
water or oxygen to degrade organic pollutants (Qin et al.
2018). In addition, it is noted that redox-active structures
of biochar might exchange electrons with organic pol-
lutants to promote degradation (Van der Zee and Cer-
vantes 2009), which is known as a non-radical pathway.
Especially, the phenolic and quinones functional groups
on biochar are electron-donating functional groups and
electron-accepting functional groups, respectively (Yuan
et al. 2017). Many allelochemicals possess abundant phe-
nolic hydroxyl groups, which are readily participating in
redox reactions with biochar. In these cases, the organics
were easily attacked by electrons, which promoted both
transformation and biotransformation of the chemicals
(Yuan et al. 2017). In addition, the strongly oxidized bio-
char will generate 'O, through the energy transfer of the
quinone structure (Zhang et al. 2021a). It has strong oxi-
dizing properties and can degrade allelochemicals, which
is also a non-radical degradation pathway.

Additionally, when biochar is added to soil, biodegra-
dation of allelochemicals can be accelerated. For exam-
ple, adding biochar to soil increased the diversity of fungi
and reduced the diversity of bacteria, which accelerated
the biodegradation of allelochemicals (Li et al. 2013).
The addition of biochar can increase the biodegradation
of phthalates by 36% (Ren et al. 2021). At the same time,
the effective activity concentration or even the activity-
related structures of the extracellular enzymes may be
altered after they interacted with biochar. Therefore,
the biodegradation of allelochemicals can be promoted
or inhibited but it is heavily associated with the type of
enzymes (Fang et al. 2021). Therefore, biochar could
effectively alleviate allelopathy in the soil if the chemical
or biological degradation could be properly mediated.

3.3 Allelochemical types affecting biochar-allelochemical
interactions

The hydrophobic properties, polarity, and molecu-
lar size of allelochemicals regulate their interactions
with biochar. For example, hydrophilic allelochemicals
(p-hydroxybenzoic acid) are more easily adsorbed by bio-
char (Teixido et al. 2011). The hydrophobic allelochemi-
cals (such as phthalates) could be adsorbed through the
hydrophobic effect or van der Waals forces (Dickenson
and Inyang 2015). The allelochemicals with larger mol-
ecules (such as ginsenosides) are retained in mesopores,
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while allelochemicals of smaller molecules (such as citric
acid) are more easily protected by the micropores of bio-
char (Ma et al. 2019). It is thus a comprehensive task to
alleviate allelopathy using biochar, and it is also enlight-
ening to specifically design biochar to remove a class of
targeted allelochemicals. Therefore, how to specifically
alleviate the allelopathy produced by different allelo-
chemicals requires more in-depth exploration. In addi-
tion, if biochar-allelochemicals interaction mechanisms
could be revealed on how allelochemicals complementa-
rily occupy different sorption sites, a biochar designed for
a broad-spectrum sorption and degradation ability might
be a promising way, which will be discussed in the subse-
quent section.

4 Biochar application decreases allelochemical
generation through improving plant growth
condition

The generation of allelochemicals is dependent on the
physiological requirement of the plant. Generally, physi-
cal or chemical stresses will promote the generation of
allelochemicals, while a low amount of allelochemicals
will be excreted if the plant is in a preferred condition.
The application of biochar may improve soil fertility or
productivity, but at the same time, may pose some addi-
tional stress to plants. As presented in Fig. 3, the appar-
ent impact of biochar on allelochemical generation may
be a combination of various processes, which will be
individually discussed in the following subsections.

4.1 Nutrients released from or retained by biochar

When crops are densely grown, they compete for the
limited nutrients (Aschehoug et al. 2016). According to
the statistics of intraspecies and interspecies interaction
studies in recent years, 67% of these studies showed neg-
ative outcomes because of intraspecific and interspecific
competitions for the nutrients (Adler et al. 2018). Biochar
application may greatly alleviate these competitions, and
thus reduce the generation of allelochemicals.

Biochar itself can release a variety of nutrients, such
as C, N, P, and K, which can alleviate the nutrient stress,
and thus reduce the release of allelochemicals (Lou et al.
2016). The elemental composition and content of bio-
char largely depend on the raw materials and pyrolysis
temperatures. Hair and chicken feather-derived biochar
has a high content of N, while animal manure-derived
biochar has high contents of P and K (Domingues et al.
2017; Hass et al. 2012). When the pyrolysis temperature
increased between 300 and 600°C, the content of total P
and total K in wood and herbal biochar increased accord-
ingly (Zheng et al. 2013). However, it should be noted
that not all these nutrients are available to plants. Only
soluble components can be readily used for plant growth.
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As a matter of fact, available P and N decreased with the
increasing temperature (300-600°C) (Zheng et al. 2013).
The reason is that P was converted to less soluble miner-
als at high temperatures, and N was lost as gas products
at high temperatures or converted into heterocyclic-N
(Zheng et al. 2013). Soil chemistry conditions also play
an important role in the nutrient availability of biochar.
Taken P as an example, P release in 24h increased from
20mmol/kg to 87mmol/kg as pH decreased from 8.9
to 4.5, which was comparable to conventional P fertiliz-
ers (Silber et al. 2010). Therefore, adding biochar to soil
can effectively reduce the nutrient limits to plants and
decrease the generation and release of allelochemicals.

Biochar can also adsorb nutrients in the soil and
release them slowly to function as a slow-release ferti-
lizer. The nutrient detaining by biochar is closely related
to the feedstock. For example, rice husk biochar could
strongly retain more nutrients than camellia oil shell
biochar, because the pores of rice husk biochar were
well developed (Zhao et al. 2021). In wheat cultivation
experiments, corn stalk biochar was a better slow-release
fertilizer matrix than wheat stalk biochar, because of its
larger cation exchange capacity (CEC) and higher sorp-
tion to nutrients (Zhao et al. 2021).

The intensive tillage may result in both nutrient short-
age and allelochemical accumulation (Dong et al. 2018).
The application of biochar could introduce some addi-
tional nutrients and partly alleviate the nutrient shortage
(Rajkovich et al. 2012). At the same time, biochar could
adsorb or degrade allelochemicals (Gémiz et al. 2021).
Both processes may be associated with the apparent
decrease of the detected allelochemicals. Clearly, previ-
ous studies did not carefully identify these two processes.

How to distinguish these processes will need a specifi-
cally designed experiment. The investigators suggested to
add a reference experiment with the addition of biochar
supernatant to quantify the impact of biochar nutrients
on allelochemical release.

4.2 Improvement of soil physical and chemical properties
by biochar

The addition of biochar to soil can improve soil effective
water content, increase soil porosity, promote soil aggre-
gates, enhance soil CEC, and thus develop a more suitable
environment for plant growth, and reduce the generation
of allelochemicals (Abel et al. 2013). Studies have shown
that effective water content was increased by about 22%
after the application of biochar, which can reduce the
drought stress on plants (Peake et al. 2014). Soil poros-
ity was also increased by 20% after biochar application,
which alleviated the pressure caused by soil compac-
tion on plant growth (Laird et al. 2010). The addition of
biochar can increase soil CEC by up to 35.4% due to the
lower original content of exchangeable Ca*" compared
with biochar (Hailegnaw et al. 2019). The addition of bio-
char can also increase soil aggregation by 8-36% because
of the increased organic matter contents (Oguntunde
et al. 2004). Moreover, biochar is effective to increase soil
pH value of acidic soils, thus alleviating soil acidification
stress to plants (Wu et al. 2018). Considering the highly
heterogeneous structures of biochar, biochar with differ-
ent properties may have different advantages to alleviate
one of the stresses. If a systematic comparison could be
conducted on the strength of the individual stresses to
trigger the generation and release of allelochemicals, the
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biochar could be site-specifically designed to overcome
the environmental stresses of a certain remediation site.

4.3 Pollutants immobilized or removed by biochar

Soil pollution, such as heavy metals, organic pollutants,
has a major negative effect on plant growth. When the
pollution exceeds plant tolerance, their self-protective
system will be activated and allelochemicals will be
secreted to detoxicate the pollution. For example, the
secretion of citric acid, malic acid, and succinic acid in
the wheat root system increased significantly under Al
stress (de Andrade et al. 2011). These allelochemicals
could form relatively stable complexes with heavy met-
als, which reduce the bioavailability and stress of heavy
metals on plants (Riaz et al. 2018). Under the stress of
organic pollutants, such as phenanthrene, the secretion
of organic acids in ryegrass was significantly stimulated
(Xie et al. 2008). These allelochemicals can promote the
growth of bacteria (Sphingobacteriia and Actinobacteria)
that degrade phenanthrene in the rhizosphere, and alle-
viate the stress of organic pollutants on plants (Li et al.
2019a).

After biochar addition, the bioavailability of heavy met-
als in the soil will be reduced through sorption, complex-
ation, precipitation, or even redox reactions. For example,
some anions in biochar, such as OH~, CO,>~, and SiO,*",
could form insoluble salts and reduce the content of
exchangeable heavy metals (Zhu et al. 2015). Moreover,
with the increase of soil pH, the negative charge on the
surface of clay minerals also increased, which promoted
the sorption of heavy metals by soil particles (Chao et al.
2018). The investigators summarized that the addition of
biochar in the soil will reduce the mobility of Cu, Cd, Pb,
and Zn by 36.4%, 25.6%, 26.1%, and 16.5%, respectively
(Liu et al. 2021). Similarly, organic pollutants can be
immobilized through surface sorption, matrix partition-
ing, sequestration, or degradation (Ruan et al. 2019; Van
der Zee and Cervantes 2009). In addition, biochar may
accelerate organic pollutant degradation, mediated by
biochar redox potential or PFRs as discussed earlier.

It is generally accepted that the generation of alle-
lochemicals stimulated by pollution could be greatly
decreased after biochar application. However, the follow-
ing points need to be carefully evaluated when assessing
pollutant-biochar interactions. (1) It is unknown how to
estimate the release of the adsorbed pollutants from bio-
char, especially with the change of soil chemistry condi-
tions. It is easy to understand that the primary process
for pollutant detoxification is retention or degradation,
not the apparent sorption. Therefore, the batch sorption
experiments provide only limited information to under-
stand biochar function. (2) Biochar properties should be
considered dynamically in soil systems. The active sites
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may easily interact with microorganisms or soil chemi-
cal compositions, likely being deactivated. Thus, biochar-
pollutant interactions are also changed. Only limited
studies were carried out to investigate biochar aging and
its implications. (3) The sorption of chemicals by biochar
may reduce the apparent bioavailability of allelochemi-
cals. However, if the allelochemicals were just adsorbed
on biochar without degradation or decomposition, their
allelopathy was not affected largely. Even worse, the
adsorbed allelochemicals will be accumulated to increase
their contact probabilities with soil organisms, including
microorganisms and soil animals on the surface of bio-
char, resulting in the deterioration of soil health.

4.4 Improvement of soil biological/microbial compositions
by biochar

The impacts of biochar on soil biological compositions
or activities could be understood from enzymes, micro-
organisms, and animals. The activity of soil enzyme is
one of the important indicators for soil quality and deter-
mines the decomposition of organic matter and nutrient
cycling. Some enzymes are directly related to allelochem-
ical excretion. For example, the activities of rhizosphere
enzymes (such as protease, urease, phosphodiesterase,
arylsulfatase, and B-glucosidase) are closely associated
with the secretion of small molecular organic acids by
regulating the C-, N-, S-, and N-cycling (Das et al. 2017).
Biochar application could improve enzyme activities in
soils through stimulating soil microbial biomass (Kha-
dem and Raiesi 2017) or protect enzymes from the attack
of organisms and reactive chemicals (Joseph et al. 2021).

It is widely reported that biochar could alter the micro-
bial communities of soils, and it is also well-known that
allelochemical generation could determine or be deter-
mined by plant-microorganism communications (Scavo
et al. 2019). The porous structure and carbon-based
properties of biochar as well as the nutrients and water
retained by biochar are all beneficial for microorgan-
ism growth, especially in soil with low organic matters
(Joseph et al. 2013). Studies have shown that biochar
applied to the soil increased the microbial diversity by
1.25 times and the colonization rate of arbuscular mycor-
rhiza (AM) by 20% (Matsubara et al. 2008). The increase
in AM colonization rate is beneficial to increasing the
absorption capacity of nutrients and water by plant roots,
thereby reducing the secretion of plant allelochemicals.

It should be noted that biochar application does not
change only one microorganism species. Investigators
generally agreed that biochar application enhanced the
abundance of microorganisms, but reported different
results on the diversity of the microbial community as
affected by biochar addition (Xu et al. 2021a). It is still
unknown how biochar-motivated microbial community
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change is related to allelochemical release by plants
because of the complex soil conditions and biochar prop-
erties. In addition, biochar not only promotes the growth
of beneficial microorganisms but also promotes the
growth of harmful microorganisms. It is hardly investi-
gated how to balance the different species for a long term.

The activity of animals in the soil is also important for
soil productivity. However, the interactions among soil
animals, allelochemicals, and biochar application have
not been studied yet. It was reported that allelochemicals
could pose significant toxicity to soil animals, including
earthworms (Liu et al. 2020) and nematodes (Hamagu-
chi et al. 2019). Biochar may have dual roles in benefiting
soil animal activity. For example, biochar could adsorb or
degrade allelochemicals to alleviate their toxic impacts.
At the same time, biochar may maintain preferential
habitats for soil animals by improving the soil quality
(Sanchez-Hernandez et al. 2019).

4.5 The flip side of applying biochar to regulate
allelopathy
Volatile organic compounds (VOCs), EPFRs, heavy met-
als and polycyclic aromatic hydrocarbons (PAHs) con-
tained in biochar may induce oxidative stress in plant
roots, destroy the integrity of root tip cell membranes,
and stimulate the generation of allelochemicals (Gupta
et al. 2011). Fortunately, the contents of these endoge-
nous pollutants in biochar are normally low. The negative
effects of biochar may be limited, especially when consid-
ering that biochar is generally applied below 5%.
Additionally, it may not be wise to over-inhibit alle-
lochemical release. Some allelochemicals have specific
ecological functions and are effective in pollutant detoxi-
fication or beneficial microorganism colonization. The

concentration range of allelochemicals for the beneficial
impacts is still unknown because the literature mostly
focused on the implications of allelochemicals, let alone
the biochar addition strategies to ensure this beneficial
concentration range. Extensive studies of the beneficial
concentration ranges of allelochemicals will be useful for
synthesizing or producing herbicides based on natural
structures (Zhao et al. 2019).

5 Biochar modification to mitigate allelopathy
in agriculture

Because of the diversity of biochar feedstock and high
heterogeneity of its structures, biochar may not always
be selective or effective enough to its targeted applica-
tion goals. A modification can be designed for a targeted
biochar application. Fortunately, biochar modification
has been widely studied. Researchers have established a
variety of biochar modification technologies, including
physical, chemical, biological, and combined methods
(Zhang et al. 2021b). For example, the surface area of
biochar could be enlarged by acid modification, alkali, or
CO, activations; the intensity of PFRs in biochar can be
enhanced by loading metals or metal oxides, N-doping,
or incorporation of functional groups; the magnetism
can be imparted to biochar by loading magnetic metal
oxides on biochar through co-precipitation or hydrother-
mal method; the relative content of surface functional
groups can be manipulated by using oxidizers or reduct-
ants (Zhang et al. 2021b). As shown in Fig. 4, biochar can
be modified for different applications, all aiming at allevi-
ating allelopathy from different aspects.
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5.1 Biochar modification to increase allelochemical
immobilization or removal

Allelochemical removal includes both sorption and deg-
radation. The enhanced sorption generally correlated
with the increased specific surface area and pore volume.
The targeted modification methods include steam activa-
tion and acid treatment. When the biochar is purged by
high-temperature CO,, it will be thermally altered with
CO generation, which will increase the micropores. This
method is cheap with high feasibility (Rajapaksha et al.
2016). Phosphoric acid is a commonly used modifier.
Phosphoric acid is dehydrated during activation of bio-
char and forms polyphosphates or phosphates cross-link-
ers. They stay in the porous structure inside the biochar,
preventing the pores from shrinking during the pyrolysis
(Fierro et al. 2010). When the ash content of the biochar
is washed, their internal micropores increase greatly. The
increased surface area and porosity all contribute to the
improved sorption capacity to allelochemicals.

As discussed earlier, the apparent sorption may not
completely inhibit the bioavailability of allelochemicals
because of the desorption. Therefore, the strong interac-
tion between biochar and allelochemicals is essential for
allelochemical immobilization. A modification method to
introduce specifical functional groups, such as oxygen-
containing functional groups, especially the carboxyl
group, will help to enhance the formation of stable chem-
ical bonds between the biochar and allelochemicals (such
as covalent bonds and hydrogen bonds) (Xue et al. 2012).

The doping of biochar is also a promising way to
improve their sorption and degradation for allelo-
chemicals. For example, the N-doped biochar exhibited
a high catalytic degradation ability for organics owing
to the abundant unpaired electrons on N atoms (Chen
et al. 2019; Wan et al. 2020); N-doped biochar also can
enhance the sorption strength and affinity for sulfamet-
hazine because it could provide both m electrons and
unpaired electrons for sorption. Biochar loaded with pos-
itively charged inorganic nanoparticles can increase the
surface charge of biochar and promote the electrostatic
interactions and surface complexations between biochar
and allelochemicals (Zhang et al. 2013).

Recent studies have also suggested that biochar is reac-
tive and could mediate the degradation of organics. Some
modifications could increase the redox potential of bio-
char. For example, the modification by borohydride could
increase the phenolic hydroxyl group of biochar, and the
loading of metals or phenolic compounds on biomass
could increase the concentration of PFRs in the biochar
(Fang et al. 2015a; Zhong et al. 2019). These modifica-
tions could accelerate the degradation of allelochemicals
by biochar. However, this degradation of allelochemi-
cals by biochar may not be complete mineralization. It
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is known that incomplete degradation of organic con-
taminants could be accompanied by the generation of
even more toxic byproducts (Sun et al. 2020). This type
of degradation evaluation is still absent in allelochemical-
biochar interaction studies.

If biochar is modified to benefit microbial coloniza-
tion, the degradation of allelochemicals by microorgan-
isms could also be enhanced. The biochar coated with
multi-layer conductive structure MXene served as the
cathode of microbial electrosynthesis (MES). This modi-
fication not only enhanced the conductivity of biochar
but also enriched microorganisms (such as Proteobacte-
ria and Firmicutes), which enhanced the chemical and
biodegradation of allelochemicals (Tahir et al. 2021).
More effectively, some specific allelochemical-degrading
microorganisms could be inoculated and protected in
biochar for field application.

5.2 Biochar modification to decrease allelochemical
generation and release

The decreased allelochemical generation is generally
related to favorable growth conditions for plants, such as
decreased pollutant stress, increased nutrients, and a bal-
anced microorganism system. According to the previous
discussion, it will be much easier to develop modifica-
tion methods if the purpose is certain. It would be more
preferred to modify biochar with one method but with
multiple advantages to improve plant growth conditions.
For example, acid modification (phosphoric acid, nitric
acid, or sulfuric acid) can mostly decompose aromatic
substances and lignocellulose, and increase the specific
surface area and porosity of biochar (Fierro et al. 2010).
In order to achieve the purpose of reducing soil bulk
density, increasing soil moisture content, enhancing soil
porosity, and reducing the pressure caused by drought
compaction on crop growth, phosphoric acid and nitric
acid modification can increase P and N contents in bio-
char and provide a food source for microorganisms (Abd
El-Mageed et al. 2021). Sulfuric acid modification can
also improve the sorption capacity to Na™, reduce the
content of soluble Na™ and salt in the soil, and alleviate
the salt stress in soil (Duan et al. 2021). Acidic methanol
modified biochar can appropriately increase the specific
surface area of biochar, and increase the number of esters
and hydroxyl groups, as well as the electron density of
oxygen atoms and pH value (Jing et al. 2014). Therefore,
the sorption performance of biochar for pollutants is sig-
nificantly improved.

However, it should be noted that sometimes the modi-
fication may not always be beneficial to plant growth.
For example, biochar is always washed after modifica-
tion, and the content of dissolvable organic matter in
the biochar will be reduced. The nutrient value of the
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biochar could be also reduced. In addition, it is possible
that some modifying reagents are retained in the pores,
which may pose negative effects on the growth of plants.
Loading metal oxides on biochar can also cause certain
environmental risks. Although the content of the loaded
metal oxides is low, the release or dissolution of the met-
als may impart heavy metal pollutants into soil systems.

6 Conclusions and future perspectives

The accumulation of allelochemicals in soil may inhibit
the germination and growth of plants, even reduce crop
yields. Biochar could regulate the behavior and fate of
allelochemicals according to the following three aspects:
1) it partly overcomes the allelopathy in soil by adsorb-
ing and degrading allelochemicals; 2) it reduces the gen-
eration of allelochemicals by buffering environmental or
ecological stress for plants; and 3) it stimulates the activ-
ity of soil organisms and promotes biodegradation of
allelochemicals. Specifically modified biochar could be
more effective in alleviating allelopathy because of their
enhanced properties in sorption or degradation of allelo-
chemicals, decreasing the generation of allelochemical by
plants, and improving the soil conditions targeted, which
are all beneficial in decreasing the accumulation of allelo-
chemicals in the soil.

A thorough evaluation should be carefully carried out
before the mass application of biochar for allelopathy
control. For example, biochar provides habitats or refuges
for both beneficial and harmful microorganisms. How to
balance the effects on microorganisms in a long term?
Another example is that sorption of allelochemicals by
biochar leads to their enrichment on the biochar parti-
cles. Does this process increase the contact between alle-
lochemicals and microorganisms? How to mitigate the
by the application of modified biochar? The regulation
of the secretion of plant allelochemicals is a complicated
process. If biochar is to be used in solving allelopathy
problems, the following studies need to be considered:

a. Because allelochemical generation is determined by
various factors, it is important to identify the con-
tribution of different functions of biochar to allevi-
ate allelopathy. The above-mentioned three pathways
may be related to different biochar properties. Thus,
targeted biochar production is highly dependent on
our understanding of the relationship between bio-
char properties and its functions.

b. Both allelochemicals and biochar are diverse in their
types and properties. It may not be easy to establish
a general standard to optimize their interactions. It
is thus necessary to explore the interactions between
different allelochemicals and biochar, summarizing
the best combinations to immobilize or degrade alle-
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lochemicals by biochar for a certain plant species. It
should be noted that it is not possible to test all the
combinations. Hence, the integrated investigations
of computational simulations, quantitative struc-
ture—activity relationship (QSAR) modeling, and
meta-analysis might be an efficient way to reduce the
experimental workload.

c. The application of modified biochar can be an effi-
cient way to mitigate the generation and release of
allelochemicals. The targeted design and preparation
of modified biochar should be considered to effec-
tively regulate the concentration range of allelochem-
icals for beneficial impacts. Nanosization could be a
promising technique for biochar modification, but
the interactions between nano-biochar and soil ani-
mals, allelochemicals, soil microbes, and soil organic
matter should be explored. The balance between cost
and efficiency of field application of nano-biochar
must be accounted.

d. The possible negative effects of biochar or modified
biochar should be taken into full consideration before
and during application. The amount and type of bio-
char, the growth phase of plants, and soil characteris-
tics should all be considered to establish a sustainable
strategy for biochar application.

e. The stability of biochar or modified biochar in soil
should be paid more attention. The decomposition
mediated by soil microorganisms and physiochemi-
cal aging may change the surface properties and
thus the function of biochar, but the pros and cons
of plant growth and allelochemical generation are not
fully understood.

In summary, the application of biochar in alleviating
allelopathy may have significant environmental and
ecological benefits. Considering that biochar could be
produced using the residual biomass from farmland, a
sustainable agroecosystem could be established if bio-
char functions in relation to the behavior and activity
of allelochemicals in soil are fully understood.
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