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Aquatic vegetables, including lotus root, water spinach, cress, watercress and so on, have been cultivated as

commercial crops for a long time. Though aquatic vegetables have great edible and medicinal values, the

increasing demands for aquatic vegetables with high quality have led to higher requirements of their soil

and water environments. Unfortunately, the soil and water environment often face many problems such as

nutrient imbalance, excessive fertilization, and pollution. Therefore, a new cost-effective and eco-friendly

solution for addressing the above issues is urgently required. Biochars, one type of pyrolysis product

obtained from agricultural and forestry waste, show great potential in reducing fertilizer application,

upgrading soil quality and remediating pollution. Application of biochars in aquatic vegetable cultivation

would not only improve the yield and quality, but also reduce its edible risk. Biochars can improve the soil

micro-environment, soil microorganism and soil enzyme activities. Furthermore, biochars can remediate

the heavy metal pollution, organic pollution and nitrogen and phosphorus non-point source pollution in

the water and soil environments of aquatic vegetables, which promotes the state of cultivation conditions

and thereby improves the yield and quality of aquatic vegetables. However, the harmful substances such as

heavy metals, PAHs, etc. derived from biochars can cause environmental risks, which should be seriously

considered. In this review, the application of biochars in aquatic vegetable cultivation is briefly summarized.

The changes of soil physicochemical and biological properties, the effects of biochars in remediating water

and soil environmental pollution and the impacts of biochars on the yield and quality of aquatic vegetables

are also discussed. This review will provide a comprehensive overview of the research progress on the

effects of biochars on soil and water environments for aquatic vegetable cultivation.
1. Introduction

Aquatic vegetables are traditional vegetables in China. The
articial planting area of aquatic vegetables in China is more
than 733 000 hectares, which is mainly distributed in the
middle and lower regions of the Yangtze River Basin,1 and the
common aquatic vegetables include lotus root (Nelumbo nuci-
fera Gaertn), Zizania aquatica (Zizania latifolia Griseb. Turcz.),
cress (Oenanthe stoloni fera DC.), water spinach (Ipomoea aquatic
Forsk), water-shield (Brasenia schreberi J.F. Gmel.), watercress
(Nasturtium officinale R. Br.), etc. With the development of the
economy, aquatic vegetables with good edible qualities have
become more favorable, which has led to growing demands and
expanding scales for cultivating aquatic vegetables.2 The culti-
vation of aquatic vegetables with high quality requires good soil
and water environments. However, recent studies indicated that
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the soil of aquatic vegetables is facing problems due to appli-
cation of excessive fertilizer that has led to nutrient imbalance
and soil acidication, which give rise to nitrogen (N) and
phosphorus (P) non-point source pollution.3–6 Besides, heavy
metal pollution7–9 and organic pollution10,11 have also been
observed in aquatic vegetable soils. Therefore, to improve the
fertility of the soil, remediating polluted water and soil envi-
ronments and maintaining the ecological balance of the water
and soil environment for producing high quality aquatic vege-
tables have become more and more urgent. It is reported that
application of biochars in the cultivation of aquatic vegetables
could improve the ooded soil physicochemical properties and
fertilities,12,13 purify the water quality, and alleviate the extent of
pollutants,14–18 which would promote the growth of aquatic
vegetables and enhance their yields and qualities.

Biochars, rich in organic carbon, are a kind of carbon
sequestration substance obtained from pyrolysis of organic
biomass materials under oxygen-limited conditions.19 Biochars
can be made from agricultural and forest residues, sludge and
other raw materials.20 Biochars have prominent properties with
condensed aromatic structures, abundant pores and large
RSC Adv., 2023, 13, 4407–4421 | 4407
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specic surface areas, and importantly, most biochars are alka-
line,21 which is conducive to improving the acidity of soil and in
situ passivation of heavy metal contaminated soil. In addition,
the –COOH, –OH, –C]O, –CHO, phenolic –OHand other oxygen-
containing functional groups of biochars can promote the
immobilization and binding efficiency of inorganic contami-
nants in the soil, which is benecial to improving soil fertility.22

As one of important soil amendments, biochars can sorb and
improve the soil nutrients, which can enhance the soil mineral
carbon and nitrogen contents.23 Besides, biochars can affect soil
microbial biomass and the growth, diversity and community
compositions of microbes by directly providing growth
promoters for soil biota and indirectly changing soil properties.24

With the porous structures, biochars can be shelter for soil
microorganisms by providing habitats. In addition, biochars can
inuence soil nutrient and carbon availability, soil pH, the
sorption of toxins and chemical signals, soil water holding
capacity against desiccation, which affect microbial abundance.25

Furthermore, changes in soil microbial growth, diversity and
community compositions can regulate the cycle of N and P
nutrients in the soil and promote the soil nutrient utilization
rate.23 Additionally, biochars can also improve the microbial
carbon and nitrogen contents as well as soil sucrase, phospha-
tase, catalase, and urease activities.26,27 Moreover, biochars can
not only remediate heavy metal pollution, and N and P non-point
source pollution, but also facilitate the degradation of organic
pollutants (such as polycyclic aromatic hydrocarbons, PAHs).28,29

Biochars have been widely used in the sequestration of atmo-
spheric carbon, reduction of water erosion and improvement of
crop yields.30–32

Nonetheless, the aquatic environment is different from
terrestrial environments, thus it is urgent to strengthen studies on
the environmental impact of biochars on aquatic environments
such as the carbon (C)/N/P cycle and so on. Besides, biochars
contain harmful substances such as heavy metals, PAHs, etc.,
which have potential negative effects on the biomass of aquatic
phytoplankton and aquatic animals' normal activities.33,34

A large number of studies and reviews so far have focused on
the impact of biochars on terrestrial vegetables. However, there
are few systematic studies or reviews on the application of
biochars in aquatic vegetable cultivation. Here, we summarize
the application of biochar in aquatic vegetable cultivation by
studying the effects of biochars on soil physicochemical and
biological properties, highlighting the effects of pristine and
modied biochars on water and soil environmental pollution,
discussing the effects of biochars on the yield and quality of
aquatic vegetables and providing useful suggestions for future
research. This review will provide a comprehensive overview of
the research progress on the effects of biochars on the soil and
water environments for aquatic vegetable cultivation.
2. Effects of biochars on soil fertility
of aquatic vegetables

Biochars can improve the soil fertility of aquatic vegetables. In
order to better understand the connections between biochars
4408 | RSC Adv., 2023, 13, 4407–4421
and soil fertility, the effects of biochars on soil physicochemical
and biological properties for aquatic vegetable cultivation are
described (Fig. 1).
2.1 Effects of biochars on soil physicochemical properties
for aquatic vegetable cultivation

2.1.1 Soil pH. Most aquatic vegetables are able to grow in
the soil pH range of 5.6 to 7.5.35–37 Biochars are almost
completely alkaline, on account of the presence of alkali and
alkaline metals in feedstocks and negatively charged phenolic,
carboxyl and hydroxyl groups on biochar surfaces, which bind
H+ ions from the soil solution.38,39 Therefore, the addition of
biochars to soil modies the acidity of the soil, which is bene-
cial to improving the growth of aquatic vegetables. A large
number of studies have conrmed that livestock and poultry
manure biochar, and straw biochar can effectively improve the
soil pH, which can change the form of nutrients and facilitate
some element absorption of the root. Yu et al.13 showed that soil
pH was increased from 7.0 to 7.2 by adding 0.5% and 1.0%
poultry-litter biochar (pyrolyzed respectively at 350 °C and 600 °
C) in water spinach soil. The increase of soil pH may enhance
the availability of soil nutrients, which is benecial to the
growth of water spinach. Xu et al.40 reported that compared with
corn straw biochar and peanut hull biochar, kitchen waste
biochar had a higher pH because of the many inorganic
elements in the kitchen residues, such as sodium (Na), potas-
sium (K), calcium (Ca), and magnesium (Mg). Yu et al.18

revealed that Pennisetum sinese Roxb biochar (PB) and iron (Fe)
fertilizer (PB–Fe), and coffee ground biochar (CB) and Fe
fertilizer (CB–Fe) can effectively improve the soil pH of water-
cress compared with a control (CK). Besides, studies showed
that biochar combined with Fe fertilizer could convert the active
state of cadmium (Cd)/lead (Pb) to the stable state of Cd/Pb in
the soil, which resulted in reducing the bioavailability of heavy
metals and decreasing the accumulation of Cd/Pb in watercress
from contaminated soil.18 Another study indicated that addition
of 1.5% and 3% rice straw biochar increased soil pH by 1.11 and
1.3, respectively.14 The residual high ash contains amounts of
base ions such as Na+, K+, Ca2+, and Mg2+ in the form of oxides
or carbonates, which can raise the soil pH by exchanging with
acidic ions in the soil.41 When the soil pH is increased, the
presence of more hydroxyl ions gives rise to deprotonation on
the soil surface, which weakens the competitive adsorption of
H+ and meanwhile releases more binding sites to form
carbonates, organometallic compounds, metal hydroxides and
organometallic compounds (Fig. 2).42,43

2.1.2 Soil organic matter. The application of biochars can
improve the soil organic matter with long-term effects.44 The
addition of biochars can improve the stability of aggregates in
powdery sandy loam and increase carbon storage in large
aggregates, while the increase of carbon storage in large
aggregates enhances the physical protection of soil organic
matter.45 Lv et al.46 applied biochars to Artemisia selengensis and
found that the soil organic carbon content increased by 32%
compared with the control, which was consist with a previous
report.12 Studies by Guo et al.12 indicated that the application of
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Effects of biochars on soil physicochemical and biological properties for aquatic vegetable cultivation.

Fig. 2 The mechanisms of biochar impact on biological and non-biological components.
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biochars to two water spinach soils increased the soil organic
matter by 58.31% and 78.27%. Meanwhile, Yu et al.18 stated that
compared to a control, coffee ground biochar and Fe (CB–Fe)
© 2023 The Author(s). Published by the Royal Society of Chemistry
treatment increased soil organic matter by 120.3% during the
watercress rst crop and by 131.6% during the watercress
second crop, respectively. Additionally, Jiang et al.43 reported
RSC Adv., 2023, 13, 4407–4421 | 4409
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that 1% and 3% biochar treatments increased the dissolved
organic carbon content by 16.3% and 39.4%.

2.1.3 Soil nutrient contents. Biochars contain certain N, P,
and K elements, which can be added to the soil and water
environment thus improving the soil nutrient contents.47

Application of biochar to the soils of aquatic vegetables
including lotus root, water spinach, watercress, and others
could effectively improve soil nutrient contents and available
state contents.12,13,18,46 Corn straw biochar addition at 22.5 t ha−1

increased soil total N (TN), available P, and available K contents
by 7%, 16%, and 80%, respectively.46 PB and CB combined with
Fe fertilizer also increased the contents of available ammonia N,
P and K in watercress soil.18 Guo et al.12 reported that the
application of peanut shell biochar and selenium (Se) in two
water spinach soils could improve soil fertility and nutrient
contents, and the contents of available N, P, and K increased by
34.21%, 49.13%, and 338.40% and 9.87%, 76.27%, and
441.17%, respectively. The combined application of the biochar
and Se fertilizer also improved soil fertility. However, the level of
improvement was not as good as that of biochar added alone.
Moreover, livestock and poultry manure biochar also showed
the similar effects. Aer adding 0.5% or 1% livestock and
poultry manure biochar, the available N, P, and K contents in
soil were increased. Nevertheless, addition of 1% biochar could
lead to an imbalance of Ca and Mg contents in water spinach,
which might not be conducive to the growth of water spinach,
and the specic reasons for this need to be further studied.13

Besides, biochar addition can also increase soil nutrition
retention by improving soil physical structures. Juriga et al.48

found that the content of water-stable macro-aggregates in soil
was increased aer 20 t ha−1 biochar was added. This study
indicated that themean weight diameter and the index of water-
stable aggregates of soil increased, and the coefficient of
vulnerability of the soil decreased. The addition of livestock and
poultry biochar to soil can improve the soil physical properties
including porosity and permeability, thus further enhancing
soil water and nutrient retention.

Moreover, biochars with porous structures and large specic
surface areas can adsorb and retain nutrients in soil, which can
reduce nutrient leaching and improve nutrient utilization for
aquatic vegetables. The surface of biochar is capable of adsorbing
ions in soil solutions, and the electrostatic and capillary forces on
the surface reduce the leaching loss of nutrients in the soil.49,50 In
terms of N sources, there are two main mechanisms for the
effects of biochars on soil N availability: biological (xation,
mineralization, denitrication, and plant absorption) and abiotic
(adsorption, volatilization, and leaching).51,52 Biochars with
porous structures have the ability to adsorb NH4

+–N, which plays
an important role in slowing down soil N release. NO3

−–N, with
high mobility, is the main form of N leached from vegetable
elds.53 The modied biochars applied to soil can absorb NO3

−

through anion exchange sites, thus improving the retention of
NO3

−.49 Biochars also have the ability to retain inorganic N ions.54

Zhao et al.55 suggested that application of coconut shell biochar
could reduce soil N leaching by 17.3–34.0% in water spinach soil,
which could be attributed to negatively charged functional
groups on the surface of the biochar, thus the added biochar
4410 | RSC Adv., 2023, 13, 4407–4421
could absorb positively charged NH4
+.56,57 The ammonia N in soil

was xed with biochar particles, therefore preventing the
conversion of ammonia N into nitrate N to reduce the leaching
of N. Another report indicated that the amount of TN andNH4

+ in
the underground seepage of water cress soil decreased aer
treatment with wheat straw biochar pyrolyzed at 500 °C and 700 °
C.58 There is a relative lack of research on nutrients in the surface
water of aquatic vegetable elds except for paddy elds. Wang
et al.59 stated that the mean values of all sampling days of NH4

+,
NO3

−, NO2
−, TN, and total P (TP) concentrations in the surface

water of paddy plots supplemented with biochar were 15.2%,
55.6%, 26.6%, 22.3%, and 52.6%, which were lower than those of
the controls.

In summary, biochars could improve the soil nutrient
contents and elevate nutrient effectiveness and reduce nutrient
leaching by absorbing and xing nutrients in soil. Besides,
biochars could improve soil physical structures to increase soil
nutrition retention (Fig. 2).
2.2 Effects of biochars on soil biological properties for
aquatic vegetable cultivation

2.2.1 Microorganisms. Biochar has porous structures,
which can provide habitats for microorganisms aer applica-
tion to soil. Besides, it contains carbon and nutrients for the
growth and reproduction of soil microorganisms. Moreover, the
high specic surface areas and cation exchange capacity of
biochars can enable microorganism absorption. Application of
biochars can also change the pH and other physicochemical
properties of soil and further affect the growth of microorgan-
isms.24,60 Application of biochar in the soil and water environ-
ments of aquatic vegetables can greatly increase the quantities
of microorganisms. Guo et al.12 found that the quantities of
bacteria, actinomycetes, and fungi in the soil of water spinach
soil increased by 58.9%, 151.79%, and 225.02% aer applica-
tion of biochars. This might be due to the high pH, electro-
chemistry, porous structures, and active C of biochars, which
affected the soil microbial abundance and soil community
structure, and also mediated N and P cycle processes (Fig. 2).24

To date, there are few studies that have investigated the
effects of biochar application onmicroorganisms in the soil and
water environment and its cellular and molecular mechanisms.
With the aid of incubation experiments on microorganisms,
Zhang et al.61 investigated the effects of biochars on soil
bacterium (Paracoccus denitricans) denitrication by physio-
logical, proteomic and metabolomics analyses. The results
showed that the enhancement effect on denitrication was
positively correlated with the pyrolysis temperature (300–500 °
C) and dosage (0.1–1%), regardless of the raw material (corn
straw or wheat straw). Besides, the study also found that bulk
particles of corn straw biochar pyrolyzed at 500 °C might
directly modulate carbon metabolism by the adsorption of
extracellular metabolites rather than direct contact with cells,
which reduced power distribution, improved energy utilization
efficiency and enhanced the growth rate of Pc. denitricans.

2.2.2 Soil enzyme activities. Soil enzymes belong to a kind
of bioactive substance released in soil by decomposition of
© 2023 The Author(s). Published by the Royal Society of Chemistry
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microorganisms, animals and plants, and are important indi-
cators to measure the soil quality.17 In the soil environment,
enzymes play an important role in biochemical reaction and
nutrient cycling status.62 Soil enzyme activities are also indexes
of the intensity and trend of various biochemical reactions in
soil, which affect the evolution of soil fertility.17

Biochars show inhibition or activation functions on different
enzymes, thus regulating the soil enzyme activities. A previous
study showed that the combination of Fe fertilizer and PB
increased soil urease activity of water spinach soil, while CB
combined with Fe fertilizer increased the activities of ureases,
sucrases and catalases in water spinach soil.18 Application of
peanut shell biochar in water spinach soil increased the activ-
ities of soil ureases, phosphatases, catalases, and sucrases by
29.06%, 119.16%, 14.98%, and 189.18%.12 Jiang et al.43 reported
that biochar and exogenous Ca could enhance the soil enzy-
matic activity of urease and catalase, which improved soil
health. Nevertheless, the previous report conrmed that adding
rice straw biochar to water spinach soil with Cd contamination
reduced soil acid phosphatase activities.15 Biochar can directly
affect soil pH and adsorb both enzymes themselves and their
substrates,63 which regulates soil urease, sucrase, phosphatase,
and catalase activity. Furthermore, the persistent free radicals
on the surface of biochar can participate in electron transport
and interact with redox enzymes to enhance oxidoreductase
activity (Fig. 2).63 As far as we know, the aquatic system is
different from the soil system. To date, few studies have
explored how enzyme activity will work in the aquatic system
and how enzymes interact with the soil system, which are worth
further investigation.

2.2.3 Other aquatic organisms. The stability of aquatic
ecosystems is crucial to aquatic vegetables, such as water
shield.64 Submerged macrophytes are the main important
producers in aquatic ecosystems and play a key role in providing
refuge and food for organisms, reducing phytoplankton
biomass by allelopathic effects, removing nutrients from the
water column and controlling sediment resuspension.65 For
aquatic vegetables, submerged plants such as Vallisneria natans
and Hydrilla Verticillata have positive effects on the underwater
light climate (water clarity), but also on water quality.66 Li et al.67

found that a low dose of rice husk biochar (10 mg g−1) could
promote the growth of H. Verticillata, Ceratophyllum demersum,
and V. natans by 28.4%, 163.1%, and 61.3%. Therefore, appli-
cation of biochars in soil and water environments can improve
the growth of submerged macrophytes, which is benecial to
maintaining the soil and water environmental ecosystem health
of aquatic vegetables.

Biochars may introduce potential ecological risks to soil-
water systems. Bastos et al.68 found that Vibrio scheri,
a marine bioluminescent bacterium, was most sensitive to the
aqueous extract of soil-biochar. Zhang et al.69 reported that the
maximum obstruction rate of bamboo biochar to Pseudo-
kirchneriella subcapitata and Limnodrilus hoffmeisteri was 6.47%
and 29.87%. When the pyrolysis temperature of biochar excee-
ded 600 °C, the biotoxicity of Phyllostachys pubescens was low
and it had little effect on its biomass, reproduction, and lipid
contents. Similarly, Smith et al.70 reported that water-soluble
© 2023 The Author(s). Published by the Royal Society of Chemistry
organic compounds from pinewood biochar (pyrolysis temper-
ature of 500 °C) had no obvious toxicity towards blue–green
algae growth. Nevertheless, Zhang et al.71 suggested that pine
needle biochar inhibited the luminescence rate of Photo-
bacterium phosphoreum and the cell growth and chlorophyll-A
synthesis of Scenedesmus obliquus, and the inhibition rate was
elevated with the increase of biochar amount added. Due to the
intracellular reactive oxygen species (ROS) in aquatic organisms
formed from the high concentration of free radicals in biochar
particles, the activities of ROS were improved in P. phosphoreum
and S. obliquus, which in turn increased the activities of
superoxide dismutase (SOD). It is well known that SOD and POD
activities are effective biomarkers to determine toxicological
performance.72–74

The studies mentioned above indicated that application of
biochars to soil and aquatic environments would introduce
toxic substances such as polycyclic aromatic hydrocarbons
(PAHs), heavy metals, and free radicals, which could be inevi-
tably formed during biochar production.69,75–77 Consequently,
this could cause potential adverse effects on aquatic microor-
ganisms, phytoplankton, and aquatic animals (Fig. 2). When
biochar is applied to aquatic environments, the possible safety
risks and stability effects should be comprehensively evaluated.
3. Effects of biochars for remediating
water and soil environment pollution
3.1 Effects of biochars on heavy metal pollution in soil and
water environments

Heavy metals, derived from anthropogenic activities such as
mining, irrigation with wastewater, waste disposal, and addi-
tion of fertilizers to agricultural land, are common pollutants in
soil and water environments, which can reduce the quality of
aquatic vegetables78,79 and become a threat to the edible safety
of aquatic vegetables. Aquatic vegetables were grown in lakes,
wetlands and paddy elds along the Yangtze River.1,80 The
concentrations of copper (Cu), Cd, zinc (Zn), and Pb in the
Yangtze Plain sediments were above the safe value, and the
pollution levels of heavy metals in the sediments were: Zn >
arsenic (As) > Cd > Cu > Pb > mercury (Hg).8 Cui et al.7 reported
that the Hazard Quotients (HQs) of As, Cd, chromium (Cr), and
Cu in the water body of Taihu Lake were 2.8, 1.6, 1.4, and 4.86,
respectively, which exceeded the safe value (HQ = 1) and had
a negative impact on water shield.

Heavy metals have different states. The acid soluble state is
highly mobile and easily utilized by plants, while the residual
state with weak migration ability is the most stable state hardly
used by plants. The reducible and oxidizable state can convert
into the acid soluble state in the appropriate environment. Bio-
chars can reduce the availability of heavy metals by directly
changing the state of heavy metals in soil by increasing the soil
pH. Guo et al.12 applied biochars, Se fertilizer and their combi-
nation to two cultivars of water spinach soil with heavy metal
pollution. It was found that all three application methods could
reduce the contents of Cr(VI) in soil, but biochars played a major
role. The contents of total Cr in the soil did not change obviously,
RSC Adv., 2023, 13, 4407–4421 | 4411
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whichmay be due to the conversion of Cr from the available state
to residual state aer application of biochar. Chen et al.81 showed
that application of biochars and pig manure could increase the
contents of carbonate-bound Cu and organicmatter-bound Cu in
soil, while the contents of exchangeable Cu decreased, thus the
bioavailability of Cu was decreased as well. Bashir et al.14 sug-
gested that the soil pH increased when rice straw biochar was
applied to Cd contaminated soil of water spinach, and the Cd in
soil was immobilized by rice straw biochar through adsorption
and precipitation, therefore reducing the Cd stress of water
spinach (Fig. 3). Similar effects of biochar from Camellia oleifera
shell were reported under submerged conditions in soil. The
coupling of submerged conditions with biochar could promote
the transformation of the acid soluble state of Cd into the residue
state of Cd, and compared with the control treatment, the
contents of acid soluble Cd decreased by 45% in the treated
group aer 60 days of ooding.82

Methylmercury is a toxic substance that can be accumulated
in the aquatic food chain, and is mainly derived from the
microbial methylation of inorganic Hg2+ in anoxic sediments or
photomethylation in the water environment.83 Bussan et al.84

examined the effects of activated carbon and pinewood biochar
Fig. 3 The mechanisms of biochars for remediating heavy metal polluti

4412 | RSC Adv., 2023, 13, 4407–4421
on Hg methylation in wetland sediments. The methylation rate
of inorganic 200Hg2+ was 0.37%/d in untreated sediment, but it
decreased to 0.08%/d in treated sediment. The methylation rate
of activated carbon and biochar treated sediment decreased by
80% and 88%, respectively. Activated carbon and biochar can be
used to remediate polluted sediment in aquatic environments
and reduce the content of bioavailable Hg in the sediment.

Biochars can also adsorb and immobilize heavy metals in
soil and water environments, and the adsorption capacity of
heavy metals in water environments is improved aer modi-
cation. Aer application of 2% Mg oxide biochar–chitosan
composite materials, the content of bioavailable Cd, acid
soluble Cd, and residual Cd was reduced by 22.32%, 24.77%,
and 22.24%.85 Biochars can also cooperate with submerged
plants to remediate heavy metal polluted water environments.
Chen et al.86 applied rice husk biochar to Vallisneria spinulosa in
copper-polluted water, and the results indicated that the addi-
tion of rice husk biochar reduced the copper enrichment
content of V. spinulosa, and then reduced the copper stress on V.
spinulosa. Addition of biochar could also increase the chloro-
phyll content of V. spinulosa leaves and the height of the
aboveground part, and promote the growth of V. spinulosa. With
on.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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the increase of addition amount of biochar, dissolved oxygen
and redox potential decreased, as well as Cu, nitrate nitrogen,
and ammoniacal nitrogen contents, while the pH and electrical
conductivity (EC) increased, as well as P content. The combined
application of biochar and V. spinulosa was superior to V. spi-
nulosa alone in the remediation of Cu-polluted water, but the
increase of P content may have potential risks to water. The
mechanisms of biochars for remediating heavy metal pollution
in the soil and water environment are shown in Fig. 3.
3.2 Effects of biochar on nitrogen and phosphorus non-
point source pollution in aquatic vegetable elds

In order to improve crop yield, excess N and P fertilizers are
applied to farmland, which gives rise to N and P non-point
source pollution from agriculture.87,88 It is reported that TN
and TP load from agricultural non-point sources accounted
respectively for 46.52% and 67.22% according to the national
pollution census in 2020. N and P loss from paddy elds is
Fig. 4 The mechanisms of biochars for remediating nitrogen and phosp

© 2023 The Author(s). Published by the Royal Society of Chemistry
easier than from dryland, which has become a problem in the
prevention and control of water pollution.87,88

N and P non-point source pollution promotes eutrophication
in the aquatic environment, which causes water quality decline.
Some aquatic vegetables are sensitive to changes of water
quality, such as water shield. It has become an endangered
plant due to anthropogenic impacts and habitat loss.64 Water
quality is an important factor affecting the normal growth, yield
and quality of aquatic vegetables. Because of their porous
structures, extensive surface areas, negatively charged surface
and abundant surface functional groups, biochars can retain
both cationic and anionic nutrients, and are used as an adsor-
bent to purify sewage. Besides, the superior adsorption perfor-
mance of biochars can also be used to control N and P non-
point source pollution.

Biochars have excellent potential to decrease N leaching
risks in the soil and water environments of aquatic vegetables
(Fig. 4). N leaching is the main pathway of N loss in open
vegetable elds. Compared with conventional fertilizer and
horus non-point source pollution.

RSC Adv., 2023, 13, 4407–4421 | 4413
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partial substitution of inorganic fertilizer with organic fertilizer,
biochar-based fertilizer had a positive effect on N leaching
during rainfall.53 Li et al.67 applied rice husk biochar to the soil
of submerged plants, and found that a low dose of 10 mg g−1

rice husk biochar reduced the contents of TN in aquatic envi-
ronments by 5.81%, compared with the control. The results
showed that the low dose of rice husk biochar applied to the soil
and water environment could improve water quality and
reduce N non-point source pollution in water environments.
Besides, biochar application can increase the water-holding
capacity of soil to reduce N leaching.89

Removal of P from water is a necessary measure to control
eutrophication and reduce N and P non-point source pollution.
Biochars can also be used to capture and reuse P in aquatic
vegetable cultivation. Duan et al.58 applied 1% rice straw bio-
char (pyrolyzed at 500 °C) to the soil of cress. The study indi-
cated that TP concentration in water environments decreased
aer biochar was added. Li et al.67 applied rice husk biochar to
the soil of submerged plants and found that a low dose of 10 mg
g−1 rice husk biochar reduced the total P content by 95.0%.

In addition, biochars were modied by adding some
components to further improve their physicochemical proper-
ties. Aer modication, the number of functional groups, the
specic surface area and pore volume of biochar increased
(Fig. 4). The modied biochar has better characteristics for N
and P adsorption in the water environment, and it is able to
improve the water quality of aquatic vegetables and P recycling
in the water environment. Bolbol et al.90 enhanced P adsorption
capacity by embedding Mg–Fe layered dihydroxide (LDH)
particles into the biochar matrix, and the maximum P adsorp-
tion capacity was increased from 1.39 mg g−1 of the original
biochar to 17.46 mg g−1 of the LDH biochar. Meanwhile, the
equilibrium time was reduced from 8 hours of the original
biochar to 1 hour of LDH biochar. Melia et al.91 used correlation
analysis to nd out that using biochar with higher Ca and Mg
contents is more conducive to P adsorption in water environ-
ments. Zhu et al.92 reported that the surface of a prepared nano-
MgO biochar (pyrolyzed at 750 °C) was uniformly dispersed with
MgO particles with a particle size of 3–10 nm, and the adsorp-
tion capacity of P reached 452.752 mg g−1. The C]O bond
formed by the introduction of Mg2+ into the metazoan carbon
interacted with HPO4

2−/H2PO4
− in the water environment

under the action of hydrogen bonding, which improved its
adsorption ability for P. The results of these two studies are
consistent with a previous report.91
3.3 Effects of biochars on organic pollution in soil and water
environments

Due to the long-term application of pesticides, fertilizer, plastic
lm, wastewater irrigation, sewage application and other
activities, organic pollution in soil and water environments was
investigated.93 The migration and transmission of emerging
organic pollutants such as pharmaceuticals and personal care
products in the soil and water environment has been a hot issue
and drawn extensive attention. It was found that the high
content of ooxacin and erythromycin-H2O in the sediment of
4414 | RSC Adv., 2023, 13, 4407–4421
the Jiangsu section of the lower Yangtze River in China caused
a serious threat to aquatic organisms.11 Sun et al.94 investigated
agricultural land in the Yangtze River Delta and found that the
total concentrations of antibiotics in dry soil ranged from 4.55
to 2010 mg kg−1, and the average tetracycline content was
34.9 mg kg−1. Xiong et al.95 reported the presence of antibiotic
resistance genes and integrase-like genes (intI1) in 129 vegeta-
bles (including 6 watercress samples) in aquatic meat from
Guangzhou and Xiamen in southern China. The study also
found that tetracycline TetA genes could be detected in all
samples. The Yangtze River and its tributaries as irrigation
sources for aquatic vegetables, including lakes, wetlands, and
paddy elds,1,80 are affected by the spread of antibiotics and
drug-resistant genes in water and soil environments. This will
eventually cause edible safety risks to aquatic vegetables and
other agricultural products thus threatening human health. Bao
et al.96 reported that water contaminated with antibiotics had
a greater risk to cress than soil contaminated with antibiotics.
Under the same polluted conditions, the physiological effects of
oxytetracycline and enrooxacin in water culture treatment
were signicantly higher than those in soil culture treatment,
and oxytetracycline had a stronger inhibition effect on the
growth of cress. Whereas, enrooxacin had a higher accumu-
lation capacity in cress, and the enrichment index of the two
antibiotics in cress was higher in water culture treatment than
in soil. Therefore, it is crucial to control antibiotics in water for
the quality and safety of aquatic vegetables.

The pore structures and large specic surface areas of bio-
chars contribute to the adsorption of antibiotics in the water
environment. Arun et al.97 found that sludge biochar can adsorb
amoxicillin in water. Compared with pristine biochars, the
adsorption capacity of modied biochars for organic pollutants
was improved. Li et al.98 reported that the maximum adsorption
capacity of tetracycline by magnetic porous tea waste biochar
(MKHBC) reached 236.93mg g−1, which was 14 times that of the
control. The adsorption effect of MKHBC on tetracycline was
slightly affected by the water pH and coexisting ions. Compared
with the single antibiotic system, a ternary system with nor-
oxacin (NOR), oxytetracycline (OTC) and sulfadiazine (SMR)
had a higher adsorption efficiency for NOR by pristine biochar.
The adsorption efficiencies of pristine biochars and KOH-
modied biochars for OTC increased, while the adsorption
efficiencies of pristine biochars and KOHmodied biochars for
SMR were inhibited.99

Antibiotic resistance genes (ARGs) easily spread in the water
environment, and extracellular DNA encoding ARGs play an
important role in the transmission of ARGs. Biochars can
absorb extracellular DNA to inhibit the proliferation and prop-
agation of antibiotic resistance genes in the water environment.
Fu et al.100 reported that the extracellular DNA adsorption
capacity of magnetic biochar modied by quaternary phos-
phonate increased by about 9 times, and more than 92.7% of
the resistance genes in the extracellular DNA of water were
removed as compared with unmodied biochars.

PAHs, composed of two or more aromatic rings with
different arrangements, are toxic persistent organic pollut-
ants, and PAHs with more than 4 or 5 rings are carcinogenic to
© 2023 The Author(s). Published by the Royal Society of Chemistry
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humans.101 A report investigated the organic pollution status
of aquatic vegetables from Guangxi in China and found that
the contents of PAHs in hydroponic soil were higher than that
in terrestrial soil. Besides, the content of PAHs with 5 or 6
rings in aquatic vegetables was positively correlated with the
content of PAHs with 6 rings in soil. The aquatic vegetables
had more 6-ring PAHs than terrestrial vegetables as well.102

Biochars have great potential to remediate the soil and water
environment polluted by PAHs, since biochars have abundant
functional groups in their pore structures and large specic
surface areas, which can bind PAHs through adsorption and
electrostatic action. Cheng et al.103 reported a hydrophobic,
high-nitrogen-doped macroalgae biochar, which can be used
as an adsorbent to remove PAHs in water environments, and
the adsorption capacity of this biochar was up to 90 mg g−1.
This study provided a new way for the utilization of algae
resources to remove PAHs in soil and water environments. On
the other hand, biochars can be used as catalysts to degrade
PAHs. Hung et al.104 reported that sludge biochar with Fe and
manganese pyrolyzed at 700 °C could activate percarbonates
and showed a signicant oxidative removal function on PAHs
in polluted aquatic sediments, with a maximum removal rate
of 87%.
4. Effects of biochars on the yield and
quality of aquatic vegetables
4.1 Effects of biochar on the yield of aquatic vegetables

The addition of biochars to soil can improve the nitrogen use
efficiency (NUE) of aquatic vegetables, increase the nutrient
supply for crop growth and further improve the soil quality,55

which promote the growth of aquatic vegetables. The lasting
effect of biochars on increasing crop yields depends on the
amount of N in the soil.49 The early effect of biochars on crop
yields may be due to nutrient input and a liming effect, while
the later effect may be caused by the oxidation of biochar that is
benecial to nutrient retention in soil.105 Repeated application
of biochars can maintain the liming effect and increase fertil-
izer function.49

Application of biochars to aquatic vegetables can also
promote growth and enhance yields. The growth parameters of
water spinach and nutrient uptake by shoots and roots
increased with the increasing addition amount of biochars.89

The dry biomass yield of water spinach treated with coconut
shell biochar was 13.3–40.1% higher than that treated with
chemical fertilizer. At a high HBC application rate, the NUE of
water spinach was about 6% higher than that of chemical
fertilizer treatment.55 Similarly, Zhou et al.53 reported that
a biochar-based fertilizer (BF) enhanced the NUE of water
spinach by minimizing N loss via decreasing leaching and
increasing N uptake by water spinach, and BF enabled the
highest N uptake of the plant. The aboveground biomass of
cress treated with 1% wheat straw biochar pyrolyzed at 500 °C
was the highest, reaching 1192.9 g m−2. Besides, N and K
nutrient accumulation of cress with wheat straw biochar treat-
ment was higher than that of the control.58 PB and CB combined
© 2023 The Author(s). Published by the Royal Society of Chemistry
with Fe fertilizer could improve the shoot height and root length
of watercress, which can be attributed to the biochar improving
the soil texture structure, decreasing bulk densities, enhancing
the utilization of Fe fertilizer, and synergistically promoting
crop growth.18 Rice straw biochar can increase soil EC and
available P concentration, thus increasing the yield of water
spinach.15 Because biochar can change soil properties and Se
fertilizer affects physiological regulation in plant leaves, the
combined application of peanut shell biochar and Se fertilizer
was conducive to improving the accumulation of shoot and root
dry weight of water spinach.12

When biochars are applied to soil, they can improve the
physiological and biochemical characteristics of aquatic
vegetables, which is conducive to increasing vegetable yield.
The relative chlorophyll contents of lotus root leaves were
signicantly increased aer applying pinewood biochar, and
the addition of 10% (volume ratio of pinewood biochar to soil)
pinewood biochar could promote the formation of chloro-
phyll. Aer applying 32% pinewood biochar to lotus root for 35
days, the number of oating leaves, leaf height, leaf diameter,
and leaf area of lotus root increased and reached the
maximum. The total fresh weight of lotus root, leaf, and dry
weight of rhizome increased with increasing the application
amount of biochar.16 Malondialdehyde (MDA), a nal decom-
position product of membrane lipid peroxidation under
conditions of aging or stress, can reect the degree of harm
suffered by a plant.106 Jiang et al.43 reported that the applica-
tion of biochar and Ca can increase chlorophyll content and
decrease MDA content in water spinach seedlings, which
indicated that Pb-induced oxidative stress is alleviated by the
application of biochar and Ca. The shoot and root dry weight
of water spinach increased with the increase of exogenous Ca
and biochar. The biochar exhibits a larger effect on the dry
weight of roots and shoots than Ca. However, too much bio-
char added would inhibit the growth of aquatic vegetables.
Chen et al.81 reported that the application of 5% biochars in
Cu-polluted soil inhibited the growth of water spinach. One
possible reason was that the amount of biochar added was too
high, and the biochars adsorbed available nutrients in the soil,
which inversely affected the nutrition absorption of water
spinach.

Application of biochars to aquatic vegetable cultivation
could not only improve soil physicochemical properties such as
decreasing bulk densities and improving the soil texture
structure and soil EC, but also decrease N leaching and increase
the NUE of aquatic vegetables. Due to the above effects, the
physiological and biochemical characteristics of aquatic vege-
tables improved, which is propitious to the growth of aquatic
vegetables. Consequently, the yield of aquatic vegetables is
improved.
4.2 Effects of biochars on quality of aquatic vegetables

Under the pollution condition of Cd, the contents of vitamin A
and vitamin C in water lettuce (Limnocharis ava), water
spinach, and watercress were decreased.78 Biochars can alleviate
the stress of heavy metals on aquatic vegetables, which
RSC Adv., 2023, 13, 4407–4421 | 4415
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indirectly improves the vitamin contents of aquatic vegetables.
Soluble sugars and soluble proteins are important indicators
affecting the taste of vegetables. The application of biochars can
increase the contents of soluble sugars and soluble proteins in
aquatic vegetables, which is benecial to improving the quality
of vegetables. A study on Cr-polluted aquatic environments with
the combined application of biochars and Se fertilizer indicated
that the contents of soluble sugars and soluble proteins in the
leaves of water spinach were increased.12 PB and CB combined
with Fe fertilizer also showed similar effects on watercress
qualities.18

Biochars can change the state of heavy metals in soil and
water environments, which decreases the toxicity and trans-
ferability of heavy metals. Consequently, the absorption of
heavy metals by aquatic vegetables was reduced, as well as the
edible safety risk of aquatic vegetables. Hu et al.15 found that
adding rice straw biochar to Cd contaminated soil could reduce
the content of Cd in the aboveground and underground parts of
water spinach, which may be attributed to the application of
biochar increasing soil pH thus reducing the DTPA-extractable
(phytoavailable) and the bioavailable Cd content. When exoge-
nous Cu pollution was 200 mg kg−1 and 400 mg kg−1, the
application of biochars to Cu-contaminated soil reduced Cu
content in the roots of water spinach by 18.4% and 4.3%,
respectively.81 There are several parameters characterizing the
toxicity and transferability of heavy metals. The bioconcentra-
tion factor reects the degree of plant absorption of heavy
metals from soil or water environments, while the biological
transfer factor refers to the transference of heavy metals among
different organs of the plant. Compared to a control treatment,
the addition of 32% pinewood biochar reduced the content of
Cd in rhizomes, petioles, and leaves by 69%, 81%, and 55%,
respectively. The bioconcentration factor of Cd in lotus root
decreased by 71% and the biological transfer factor of Cd from
underground to ground increased by 1.3 times, which suggested
that biochars can alleviate the inuence of heavy metals on
lotus root and reduce the accumulation of Cd in the edible parts
of lotus root.16

Biochars have large specic surface areas and are proton-
ated, which can also enable adsorption and immobilization of
heavy metals in soil and water environments. Therefore, the
absorption of heavy metals by aquatic vegetables was reduced.
Bashir et al.14 reported that compared with phosphate rock and
zeolites, rice straw biochar was the best amendment to decrease
Cd enrichment of water spinach. This study indicated that rice
straw biochar with larger specic surface areas had a stronger
adsorption ability towards heavy metals. The addition of 1.5%
and 3% rice straw biochar reduced the aboveground and
underground Cd contents of water spinach, the bio-
concentration factor, the translocation factor, and the extrac-
tion coefficient factor. Antioxidant enzymatic activities, such as
SOD and peroxidase (POD), have been proven to be effective
biomarkers to determine the toxicological performance.72 The
activities of SOD and POD in soil decreased under the action of
rice straw biochar, which suggested that biochars could reduce
the oxidative damage of Cd in polluted soil.
4416 | RSC Adv., 2023, 13, 4407–4421
Biochars combined with other fertilizers (including Fe and
Se fertilizer) can also reduce the safety risks of heavy metals to
aquatic vegetables. Fe plays an important role in the complex-
ation between heavy metals and humus,107 and low concentra-
tions of Se fertilizer can improve the resistance of plants to
various adverse factors. Yu et al.18 found that PB and CB could
reduce the accumulation of Cd/Pb in the roots and aboveground
parts of watercress. The combined application of biochars and
Fe fertilizer also increased the content of soil organic matter.
Under the action of Fe, the ternary complex of Fe, organic
matter and Cd/Pb (Fe–OM–Cd/Pb) might form, which can
reduce the content of available heavy metals. Studies by Xu
et al.40 indicated that biochar application in ooded soil
contaminated by heavy metals showed a signicant negative
correlation between organic matter content and exchangeable
Zn content. Guo et al.12 used subcellular microscopic experi-
ments to study Cr enrichment in water spinach. The results
showed that peanut shell biochar increased the proportion of Cr
in the cell wall and soluble components such as cytoplasmic
vacuoles in the roots, stems and leaves of water spinach, and
reduced the proportion of Cr in organelles, which might be the
reason why biochar reduced Cr content in water spinach. At the
same time, Se alleviates the cytotoxicity of Cr by changing the
subcellular distribution of Cr in roots and leaves, chelating and
separating metal ions.

The application of both Litchi branch biochar and exoge-
nous Ca could alleviate Pb phytotoxicity and minimize its
accumulation in water spinach. Biochar can cause hydroxyl
ions to deprotonate the soil surface and elevate the soil pH to
form precipitation such as Pb5(PO4)3OH and Pb3(CO3)2(OH)2,
which can immobilize Pb. Ca-dependent inactivation of Pb2+

can occur in the form of plant cell wall deposits, which can
alleviate the stress of Pb2+ on water spinach. The combination
of biochar and exogenous Ca manifested synergistic effects in
remediating Pb pollution and reduced the edible risk of water
spinach.43

A previous report showed that the accumulation concentra-
tion of As in the aboveground part of water spinach increased by
1.30–2.55 times under ooding conditions, which increased the
edible risk of water spinach.108 Biochars can reduce the
enrichment index of As in water spinach under ooding
conditions and improve its quality. Qin et al.109 reported that
water spinach had a high bioaccumulation coefficient of As.
Then, they examined the effect of rice straw biochar on As
absorption in water spinach under acidic conditions, and the
results suggested that the application of biochars inhibited the
absorption of As by water spinach, which can be attributed to
the protonated surface of biochars exhibiting enhanced
adsorption capacity for As. The bioaccessibility of As in the
edible part of water spinach was also reduced. As uptake by the
same plant is related to the ratio of P to As in the soil solution,
with the increased ratio of soluble P to soluble As, the absorp-
tion of As by the plants tended to decrease. The mechanisms of
the effects of biochars on the yields and qualities of aquatic
vegetables are shown in Fig. 5.
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 The mechanisms of the effects of biochars on the yield and quality of aquatic vegetables.
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5. Conclusions and future
perspective

Biochars can be used in aquatic vegetable cultivation to improve
the physicochemical and biological properties of the cultivation
conditions, which can promote the growth and elevate the yield
of aquatic vegetables. Biochars have an excellent remediation
effect on the heavy metal pollution, N and P non-point source
pollution, and organic pollution in water and soil environ-
ments. Furthermore, biochars can reduce the accumulation of
heavy metals, antibiotics and PAHs in aquatic vegetables, which
can reduce the edible safety risk of aquatic vegetables and
improve the quality of aquatic vegetables. Therefore, biochars
can be used as a cost-effective and eco-friendly soil amendment
for aquatic vegetable elds, showing superior application
prospects. In addition, the mechanisms of biochar effects on
the C/N/P cycle in aquatic environments and biochar–soil–
water–crop interactions should be paid more and more atten-
tion, opening new windows for applications of biochar in soil
and water remediation.

However, there are still some aspects regarding the potential
of biochar to improve soil and water ecosystems that need
further investigation. Especially, little attention has been paid
to the effects of biochars on microorganisms and aquatic
organisms in the locality of aquatic vegetables with physiolog-
ical, proteomic, and metabolomics analyses. Therefore, more
research efforts are needed to identify the micro-mechanisms
© 2023 The Author(s). Published by the Royal Society of Chemistry
by which biochar application affects microorganisms and
aquatic organisms.
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