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Abstract The remediation of polluted soil and
water stands as a paramount task in safeguarding
environmental sustainability and ensuring a depend-
able water source. Biochar, celebrated for its capacity
to enhance soil quality, stimulate plant growth, and
adsorb a wide spectrum of contaminants, including
organic and inorganic pollutants, within constructed
wetlands, emerges as a promising solution. This
review article is dedicated to examining the effects
of biochar amendments on the efficiency of waste-
water purification within constructed wetlands. This
comprehensive review entails an extensive investi-
gation of biochar’s feedstock selection, production
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o Application of biochar-augmented constructed wetlands.
o Investigating the diversity of biochar feedstock, the
impacts of heating and temperature variations, and
optimizing conditions as a substrate.

o CW system design criteria with biochar.
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processes, characterization methods, and its applica-
tion within constructed wetlands. It also encompasses
an exploration of the design criteria necessary for the
integration of biochar into constructed wetland sys-
tems. Moreover, a comprehensive analysis of recent
research findings pertains to the role of biochar-
based wetlands in the removal of both organic and
inorganic pollutants. The principal objectives of this
review are to provide novel and thorough perspec-
tives on the conceptualization and implementation
of biochar-based constructed wetlands for the treat-
ment of organic and inorganic pollutants. Addition-
ally, it seeks to identify potential directions for future
research and application while addressing prevailing
gaps in knowledge and limitations. Furthermore, the
study delves into the potential limitations and risks
associated with employing biochar in environmental
remediation. Nevertheless, it is crucial to highlight
that there is a significant paucity of data regarding the
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influence of biochar on the efficiency of wastewater
treatment in constructed wetlands, with particular
regard to its impact on the removal of both organic

and inorganic pollutants.

Keywords Biochar - CW system design criteria -

Inorganic material - Organic compounds - Microbial

communities

Abbreviations

CWs Constructed wetlands

CFwW Constructed floating wetland

TSS Total suspended solids

BOD; Biochemical oxygen demand

SSF-CWs Sub-surface flow constructed
wetlands

FWF-CWs Free water surface flow constructed
wetlands

HF-CWs Horizontal flow constructed
wetlands

VE-CWs Vertical flow constructed wetlands

DO Dissolved oxygen

CWMs Constructed wetland microcosms

AOX Adsorbable organic halogen

EW Emergent wetland

CWEs Constructed wetland
ecotechnologies

CEC Cation exchange capacity

HRT Hydraulic retention time

HLR Hydraulic loading rate

COD Chemical oxygen demand

TN Total nitrogen

N,O Nitrous oxide

TP Total phosphorus

EC Electrical conductivity

VBF-CW Vertical baffle flow constructed
wetland

E-BHFCWs Electrolysis-integrated, biochar-
amended, horizontal (sub-surface)
flow constructed wetlands

AC Activated carbon

VEF-FWS-CWs Vertical flow and free water surface
constructed wetland system

IRCWs Integrated recirculating constructed
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wetlands

Introduction

Water is an essential substance on Earth, and its pres-
ence is vital for all living beings, including humans,
animals, and plants, as it is necessary for their sur-
vival. It is worth noting that approximately 71% of
the Earth’s surface is covered by water. However, it
is alarming that only 2.5% of this vast quantity con-
stitutes fresh water, which is suitable for consump-
tion and other essential uses (Narayan & Srivastava,
2019). Water as a chief requisite of life is confront-
ing worldwide issues of scarceness and underground
and ground water contamination with natural reserves
of water depletion. Natural reserves of freshwater are
depleting at an alarming rate, surpassing any previ-
ous records. Disturbingly, estimates suggest that by
the year 2025, approximately two-thirds of the global
population will be grappling with water scarcity
issues (Hoffman, 2019). Additionally, there is a pro-
jected increase of 37% in primary energy consump-
tion. These statistics paint a grim picture of the chal-
lenges ahead in terms of both water availability and
energy demands (Narayan & Srivastava, 2019).
Wastewater can contain a wide range of pollut-
ants, depending on its source, such as textile, domes-
tic, or municipal wastewater. These pollutants can be
classified as organic or inorganic and can originate
from both point and non-point sources. In the case of
inorganic substances, several contaminants, includ-
ing arsenic, antimony, copper, cyanide, chromium,
fluorine, lead, and mercury, are responsible for water
resource contamination. These substances can enter
water bodies from both point sources, such as indus-
trial discharges, and non-point sources, such as agri-
cultural runoff. It is important to note that plumbing
systems can also contribute to water contamination.
Leaks, improper disposal of hazardous substances, or
outdated infrastructure can introduce pollutants into
the water supply. Therefore, addressing these issues
and improving plumbing systems are crucial steps
in preventing water contamination and ensuring the
availability of clean and safe water resources (Sharma
& Bhattacharya, 2017). Currently, wetlands are the
most suitable technology for treating wastewater for
irrigation reuse. Wetlands offer advantages such as
effective contaminant removal, lower energy require-
ments, and lower maintenance costs. Constructed
wetlands (CWs) are proficient treatment systems that
are suitable for wastewater treatment with less energy



Environ Monit Assess (2024) 196:425

Page 3 of 26 425

consumption, less infrastructure requirement, mini-
mum maintenance, less operational cost, and friendly
nature to the environment. Moreover, the extended
lifetime and minimal administrative requirements of
CWs are also factors that explore the importance of
CWs (Sehar & Nasser, 2019).

CWs are the engineered ecosystems that are con-
structed and function for wastewater treatment by
operating the simultaneous biological, physical, and
chemical processes that occur in the natural wetlands.
From a technical perspective, the design, operation,
maintenance, and construction of CWs have evolved
from traditional approaches to include numerous
new configurations and technical advancements.
These include biological and amendment techniques
aimed at enhancing pollution removal efficiency. As
a result, CW technology has significantly expanded
its application to treat secondary and tertiary efflu-
ents, including those generated by industrial wastewa-
ter (Wu et al., 2019). One example of an innovative
application is the use of constructed floating wetlands
(CFWs) to enhance habitats for aquatic waterfowl.
CFWs have various other applications as well, includ-
ing improving the quality of airport runway runoff,
treating sewage and wastewater discharges, enhanc-
ing farming and agriculture practices, reducing algal
blooms, and improving the water quality of mine tail-
ings (Lucke et al., 2019).

Biochar is recognized as a beneficial media
amendment due to its ability to enhance plant growth,
retain nitrogen in agroforestry systems, and remove
nutrients from wastewater. Consequently, it finds
application in domestic wastewater treatment. Addi-
tionally, biochar contains a high concentration of
organic carbon, making it valuable for improving the
biological and physicochemical properties of soil. It
serves as a soil conditioner, boosting microbial activ-
ity, nutrient availability, crop production, soil organic
matter, and water retention (Mohan et al., 2014,
Zheng et al., 2020). CW’s impending biochar utili-
zation is due to its large surface area, high porosity,
and cation exchange capacity. These characteristics
have the advantage of the contaminant’s attachment
and adsorption ability of biofilm, which improves the
contaminant’s degradation. Another significant char-
acteristic of biochar is its ability to alleviate exhaus-
tion. Being nutrient-rich, biochar is utilized as a soil
amendment, helping to mitigate the disposal prob-
lem of exhausted materials. By reprocessing waste

biomass, biochar can enhance both economic aspects
and environmental sustainability. Previous stud-
ies have shown that the incorporation of biochar in
CWs significantly enhances their capacity for remov-
ing coliforms, total suspended solids (TSS), and
biochemical oxygen demand (BODs) (Kizito et al.,
2017). However, little information is available on
advanced organic and inorganic pollutant elimination.
The primary goal of this manuscript is to address the
existing knowledge gap in the use of biochar in CWs
for wastewater treatment. It presents novel insights
into this underexplored field, shedding light on the
potential advantages of biochar-based treatment
methods. Additionally, the manuscript goes beyond
a mere review by outlining future research avenues
and practical applications, thus contributing to the
progression of scientific knowledge and highlighting
the path forward for further investigations. This dual
focus on filling knowledge gaps and providing guid-
ance for future exploration aligns with the fundamen-
tal process of advancing scientific research.

The classification of CWs is dependent on three
key factors. Firstly, the water level of the CW system
determines whether it falls under the category of sub-
surface flow constructed wetlands (SSF-CWs) or free
water surface flow constructed wetlands (FWF-CWs).
Secondly, the water movement direction within the
system is taken into account. Lastly, the presence
and type of macrophytes (aquatic plants) in the CW
system are considered during classification (Almuk-
tar et al., 2018; Vymazal, 2014). Furthermore, CWs
can also be categorized based on their purposes such
as wastewater purification, habitat creation, and flood
control, as stated in a few recent studies (Vymazal,
2014) (Fig. 1).

However, there are currently no specific criteria
for selecting the most suitable CW system (hybrid,
horizontal flow, or vertical flow) for treating specific
types of wastewater. Hybrid CWs, on the other hand,
combine two or more similar or dissimilar vertical
flow (VF) or horizontal flow (HF) systems to achieve
higher efficiency in pollutant removal. CWs are con-
sidered environmentally friendly, cost-effective, and
low-energy engineering solutions. In our study, we
combined the advantages of green nano-biochar com-
posites and CWs to enhance dye degradation and
obtain optimal results Table 1 provides an overview
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Classification of
CWs
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Fig. 1 Flowchart and types of constructed wetland

Table 1 Benefits and drawbacks of VF and HF wetlands

CWs

Horizontal-Flow
Constructed Wetlands
(HF-CWs)

Enhanced CWs %
|

Step Feedmg

Vertical-Flow
Constructed Wetlands || Circular Flow
(VF-CWs) corridor CWs

Type

Vertical flow wetlands

Horizontal flow wetlands

Advantages

Disadvantages

e Demand for smaller area

e Decent oxygen supply

o Better nitrification

e Good SS and organics removal, simple hydraulics

e High purification

e Improved performances as compared to HF beds
because of water drifts from upper to lower surface
which can improve oxygen mixing

e Shorter stream distances

e Low denitrification

o High demands

e Low nitrate removal

o Loss of the performances especially P removal

o Longer flowing distance

o Nutrient gradient establishment, efficiency in the
removal of organics and SS

o Denitrification process

o Humic acids formation for nitrogen, phosphorus
removal

e Demand for high area

e Clogging problems

o Transformation of sulfur can be affected by sensitivity
of nitrification

e Loss of P performance removal

o Fastidious hydraulics control necessary for the optimal
supply of oxygen

o Low oxidation of ammonium

o Uniform wastewater passage throughout saturated media
is quite complex (dead zones presence)
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of the advantages and disadvantages of VF and HF
wetlands (Saeed & Sun, 2012).

Biochar as substrate for CWs

The mode of production is very important for biochar
since it directly affects plant growth and microor-
ganisms. Media that is cast-off in the CWs are also
called aggregate or substrate. CW media might be
rocks, gravel, sand, or organic material like compost
and soil, which provide primary support to microor-
ganisms and plant growth, improving the biodegrada-
tion of pollutants and hydrology mechanisms (Meng
et al., 2014). Moreover, wetland substrates eliminate
pollutants from wastewater by ion exchange, adsorp-
tion, precipitation, and complexation improving the
effluent quality to meet standards of agriculture reuse.
Nevertheless, the wetland substrate’s chemical com-
position affects the efficiency of the system (Ge et al.,
2015).

The parent feedstock plays a significant role in
determining the physicochemical characteristics of
biochar. This is due to the variations in the struc-
tural and chemical compositions of the biomass used.
Typically, the composition of the parent feedstock
includes lignin, cellulose, hemicellulose, and min-
erals. These components contribute to the unique
properties of the resulting biochar, such as its carbon
content, surface area, porosity, and nutrient content.
Therefore, careful consideration of the feedstock
selection is essential in order to obtain biochar with
desired characteristics for specific applications (Li
et al., 2016). One of the major challenges in biochar
production is dealing with various biomass sources
that have different physical and chemical properties,
making their conversion into biochar a complex task.
For instance, selecting the appropriate feedstock for
biochar production is crucial to ensure its effective
application in soil and water remediation processes
(Table 2). The choice of feedstock directly impacts
the quality and characteristics of the resulting bio-
char, influencing its suitability for specific remedia-
tion purposes. Therefore, careful consideration and
evaluation of feedstock selection are essential for
successful biochar production and subsequent appli-
cation in environmental remediation (Zheng et al.,
2020). Furthermore, utilizing waste feedstock for bio-
char production avoids competition with energy crops

and food production on arable lands. This is crucial
considering the existing threats to their sustainabil-
ity due to land degradation and reduction. Therefore,
ensuring the sustainable and responsible selection or
supply of biomass is a critical prerequisite in both
biochar application and production. Careful consid-
eration should be given to the sources of biomass to
ensure their environmental and socio-economic via-
bility, taking into account factors such as availability,
renewability, and impact on food security. Making
informed choices in biomass selection is essential for
promoting the sustainable and responsible use of bio-
char (Zheng et al., 2020).

Biochar is chiefly comprised of nitrogen, carbon,
hydrogen, oxygen, and other mineral elements insti-
gated from the biomass feedstock (Liu et al., 2018).
These elements significantly influence the reactions
of decarboxylation, dehydration, and demethylation
during pyrolysis, resulting in the formation of diverse
products and species within biochar. Various types of
biochar exhibit wide ranges of mass percentages for
elements such as phosphorus, silicon, sulfur, iron, and
nitrogen. The elemental composition of biochar is
dependent on the nature of the biomass feedstock and
the temperature of the pyrolysis process. Inorganic
elements like magnesium, phosphorus, potassium,
and calcium act as direct sources of plant nutrients in
the soil (Bolan et al., 2023). They also play a role in
the immobilization or removal of contaminants such
as organic pollutants and heavy metals in soil and
water. Additionally, these elements contribute to bio-
char’s carbon retention and stability, making it effec-
tive for carbon sequestration purposes (El-Naggar
et al., 2019).

Complex and copious pores in the biochar are
retained in the soils and make available space for
microbe expansion, defending the microbes from the
adverse outer environment and decreasing the compe-
tition for microbes’ survival (Tan et al., 2017). The
biochar surface is exceedingly variable due to its het-
erogeneous composition. It is because of the main
interfaces where there are many biological and chem-
ical interactions present. Generally, surface properties
usually include the surface functional charge, groups,
hydrophobicity and hydrophilicity, structure of pore
and surface area, and surface free radicals. Among
these, the functional group surface plays perilous
roles in applications and the biochar properties as

@ Springer
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Table 2 Contaminant removal efficiency of biochar prepared under various conditions in treating various types of wastewater in

CWs
Feedstock CWs Heating Temp Condition BC and sub- Purpose Reference
strate
Bamboo VF-CWs 500°C Anaerobic BCl/fine gravel Lower C/N (Zhou et al.,
2018b)
Oil mallee/ EwW 550°C — BC/soil Soil cadmium  (Zhang et al.,
wheat Chaff 2013)
Corn cob CW (lake 450°C Anaerobic Straw/rotten contaminated (Ye et al., 2019)
wetland) veg./cont. soil
soil/wheat
bran/BC
Coconut shell CWs 300 °C Limited oxy-  BC/soil Turbidity, (Vijay et al.,
gen supply TDS, BODs,  2019)
and COD
Pine chips/ CWs muck 350 °C - BC/Lauderhill Wetland (Novak et al.,
swine muck mucking 2015)
manure
solids
Bamboo and  Pilot-scale Pyrolysis - BC/mortar and Nutrients from (Saeed et al.,
wood CWs sys- sand sewage 2019b)
tems
Wheat straw Wetland 450 °C Anoxic BC/top 20 cm Saline-alkali  (Cui et al.,
pyrolysis of the soil soil (halogen  2019)
source)
Cattail har- CWs 300 °C Under nitro-  Gravel/BC GHG COD, (Guo et al.,
vested from gen flow NH,*-N, 2020a)
the CW’s (99.9%) TN
Sewage sludge CWs (metal- 500 °C - Mine soil/BC Acidic soil (Alvarez-Rogel
and pruning polluted treatments et al., 2018)
trees wetlands)
Acacia auricu- VF-FWF- 500 °C Anoxic condi- Sand, BC, Dormitory (Nguyen et al.,
liformis bark ~ CWs tions sandy soil, sewage 2020)
and gravel
Coconut shell CWs 300 °C - Sand, gravel, Domestic (Vijay et al.,
(CS) and soil wastewater 2017)
mixed with
the CS
Bamboo SSF-CWs 500 °C Anaerobic Gravels and Synthetic (Zhou et al.,
conditions BC wastewater 2018a)
Bamboo E-BHFCWs 800 °C for Anaerobic Quartz rock/ Removal of N (Gao et al.,
48 h conditions bio-ceramic/ and P 2018)
BC
Maize husk VE-CWs 500 °C Anaerobic BCl/fine gravel/ — Reactive (Munir et al.,
sand/soil Golden Yel- 2023)
low MERL
(Yellow 145)
dye

functional materials, for instance, an adsorbent or soil

conditioner.

The pore-size distribution of biochar is categorized
into macropores (50 nm), mesopores (2-50 nm),

@ Springer

and micropores (<2 nm), based on the diameter
of biochar. Micropore plays a significant part in the
adsorption capacity, while macropores turn into
a suitable place for the enormous diversity of soil
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microorganisms and root hairs, because the pore-size
distributions and nutrients are imprisoned in bio-
char that can be engrossed by the plants through the
nutrient uptake mechanisms (De Rozari et al., 2015).
Chemical adsorption is involved in the hydroxyl
groups or water displacement from calcium and iron
oxide surfaces by ligand-exchange reactions through
the phosphate ions, which form an insoluble metal
phosphate. Iron-based functional groups were identi-
fied on the surface of biochar; subsequently, they had
been in the CWs for 7 months (Bolton et al., 2019).

CW system design criteria with biochar

Several parameters, such as the appropriate selection
of vegetation, the composition of the media, and the
hydraulic conditions within the system, including
hydraulic retention time (HRT) and hydraulic load-
ing rate (HLR), are essential for designing wetlands
to achieve optimal removal efficiencies. These param-
eters play a crucial role in ensuring the most efficient
removal of contaminants in wetland systems.

Vegetation in CWs

Wetland vegetations are reported to be the main factor
that influences the wetland’s water quality. As a chief
biological component, the plant operates as a purifi-
cation intermedium of the reactions by the enhance-
ment of a diversity of the elimination processes and
the direct utilization of nitrogen (N), phosphorous
(P), and many other nutrients. The plantation is one
of the vital parameters for the determination of the
CW performance that, as a plant, rhizosphere not only
delivers the microbial growth surface to stimulate
microbial activity but also serves as a carbon source.
For the enhancement of the treatment efficiency of
the wastewater, the selection of the plant should have
considerable characteristics such as stem densities,
biomass, extensive root and root hair network, and
proper adaptation to the conditions of extreme cli-
mate (Vymazal, 2013).

In comparison to control systems without biochar,
biochar amendment in CWs can significantly boost
plant development, producing higher biomass of both
above- and below-ground portions. This effect may
be primarily explained by the improvement in media
porosity brought about by the addition of biochar,

which favors plant development by enhancing oxygen
conditions. Biochar substrates, which accommodate
a huge number of degrading microbes, may increase
the effectiveness with which macrophytes in CWs
exploit nutrients. Biochar can absorb plant growth
inhibitors (e.g., harmful pollutants) in CWs, lowering
phytotoxicity (Kasak et al., 2018).

Different biochar that is used is also specific for the
plant selection that it must be capable of growing in
it, such as the tree of Melaleuca angelica that can be
grown in biochar of chipped hemp fiber (Bolton et al.,
2019). Furthermore, biochar media may stimulate
the root aerenchyma tissues and macrophyte porosity
in CWs, allowing for just an increase in root oxygen
loss and, therefore, the stimulation of aerobic micro-
bial metabolism, including organic oxidation, nitrifi-
cation, and methane oxidation. The increased plant
growth in CWs brought on by the addition of bio-
char is advantageous for the removal of nutrients and
organic matter by plant absorption, oxygen release,
organic exudate secretion, and the availability of
additional sites for microbial attachment on the plant
rhizosphere, which might further augment N removal
by plant harvesting, even if this contribution seems
insignificant (Deng et al., 2021). In terms of metal
removal in CWs, biochar inclusion can minimize
metal absorption by aquatic plants because biochar’s
significant binding capability lowers metal bioavail-
ability, reduces metal phytotoxicity, and stimulates
plant development. Furthermore, Fe-modified biochar
amendment in CWs was reported to inhibit pesticide
absorption by C. alternifolius (Jia & Yang, 2021).

The utilization of biochar as a growth medium for
plant screening has garnered increased attention in
recent years, owing to its distinctive attributes and
potential advantages for plant development. Bio-
char is a carbon-rich substance derived from organic
matter via a process known as pyrolysis, and it can
serve as an efficient and sustainable medium for vari-
ous plants. Several noteworthy features and benefits
of employing biochar as a growth medium for plant
screening are outlined below. Biochar possesses a
considerable surface area and a porous structure that
enables it to retain essential nutrients and moisture.
This capability facilitates the consistent and stable
provision of nutrients to plants, thereby diminish-
ing the necessity for frequent fertilization. Biochar
also has the capacity to absorb and gradually release
water, aiding in the maintenance of optimal moisture

@ Springer
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levels for plant roots. This feature is particularly
advantageous in regions where water availability
fluctuates. The porous nature of biochar enhances
soil aeration, reducing the likelihood of root rot and
promoting robust root development. Additionally, it
facilitates the exchange of gases between roots and
the surrounding atmosphere (Yu et al., 2023).
Another advantage of biochar is its ability to sta-
bilize soil pH, making it particularly beneficial in
soils that are excessively acidic or alkaline. It serves
as a buffer, averting rapid pH fluctuations. Biochar,
being a stable form of carbon, can contribute to car-
bon sequestration, thus aiding in mitigating climate
change when employed in agriculture. Furthermore,
biochar enhances soil structure and reduces compac-
tion, enabling plant roots to penetrate the soil more
easily and access essential nutrients and moisture.
Some research even suggests that biochar may have
the potential to suppress certain soil-borne pathogens,
lowering the risk of plant diseases (Osman et al.,
2022). The utilization of biochar as a growth medium
promotes the recycling of organic waste materials,
ultimately decreasing the need for landfill disposal
and reducing environmental pollution. Importantly,
biochar exhibits remarkable stability in the soil, and
its beneficial effects endure over an extended period,
diminishing the necessity for frequent replacement of
the growth medium. Moreover, biochar can be pro-
duced from a variety of source materials, allowing
growers to tailor its properties to suit specific plant
species and growth conditions (Knox et al., 2018).
There are diverse types of plant species that can
grow in the biochar such as biochar-based CWs like
Typha latifolia (coconut shell), Oenanthe javanica
(bamboo) (Vijay et al., 2017; Zhou et al., 2018a),
Cyperus alternifolius root stock (bamboo) (Gao
et al., 2018), and Phragmites australis (common
reed) (agricultural wastes) (Abedi & Mojiri, 2019).
The effectiveness of two plant species, Cymbopogon
citratus and Melaleuca quinquenervia, was evalu-
ated in the removal of BOD; (biochemical oxygen
demand) and coliforms. Additionally, measurements
of anthracene and phenanthrene concentrations in the
stems, leaves, and roots of T. orientalis indicated the
involvement of phytotransformation and phytoextrac-
tion processes in the removal of these contaminants
(Wang et al., 2019). The ornamental plant Canna sp.
has shown remarkable potential for nutrient removal
and organic matter in hybrid infiltration systems with

@ Springer

free water surface (FWS) conditions. Similarly, FWS
Colocasia esculenta has proven effective in treating
municipal wastewater, while rice noodles have dem-
onstrated sufficient adsorption capacity for various
contaminants including chemical oxygen demand
(COD), total suspended solids (TSS), organics, total
Kjeldahl nitrogen (TN), cadmium, copper, chromium,
lead, and zinc (Nguyen et al., 2020).

Constructed wetland substrate selection

Substrates, that is also referred to as the support
matrix/material, media, and filling material, are one
of the chief components in the CWs. They are exten-
sively recognized for their important role (as a carrier
for the biofilm development, as a medium for plant
growth in the wetland, and as an adsorbent for pollut-
ant immobilization) in CWs, especially for non-bio-
degradable pollutant removals like organic toxic met-
als and xenobiotics (Yang et al., 2018). At present,
the common and typical fillers include gravel, zeo-
lite, coal ash, limestone, and industrial by-products.
Some prior studies have already proved that diverse
substrates have diverse abilities for water purification
(Lu et al., 2016). Therefore, the verdict of a low-cost
and appropriate filler for the enhancement of effluent
treatment in the CWs is a serious issue.

The substrate is a significant design parameter in
the CWs particularly SSF-CWs, due to an appropriate
medium for growing plants, and can also permit an
efficacious crusade of the wastewater. Furthermore,
sorption on the substrate can play the most impor-
tant role in the absorption of numerous pollutants like
phosphorus (Ju et al., 2014). The substrate selection
is resolute in the hydraulic permeability terms and
capacity of the pollutant’s absorption. Low hydraulic
conductivity results in clogging in the systems, which
sternly decreases the effectiveness of the system, and
the substrate’s low adsorption also affects the long-
term CW performance for pollutant removal. The
substrates that are repeatedly used mainly contain
artificial media and industrial and natural material by-
products, like gravel, sand, and clay (Wu et al., 2015).
Novel composite biochar (NCB) addition has been
examined in the non-aerated vertical baffle flow con-
structed wetland for the polluted treatment of water
(Meng et al., 2019).

Biochar proves to be a versatile and effective tool
in wetland applications, demonstrating its utility
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when used alone or in combination with other sub-
strates. When employed in isolation, biochar’s ben-
efits include enhanced soil quality, improved water
retention, and increased nutrient availability, creating
a favorable environment for wetland plant growth.
Furthermore, biochar amendment has been shown to
significantly boost macrophyte growth and nitrogen
removal efficiencies in CWs, making it an efficient
and cost-effective approach for wastewater treatment
while mitigating greenhouse gas emissions (Xiang
et al., 2022). When combined with various sub-
strates like sand, soil, or organic matter, biochar can
yield synergistic benefits by enhancing soil proper-
ties, microbial activity, and nutrient cycling, which
is especially valuable in wetland ecosystem restora-
tion (Hu et al., 2022). However, the choice of whether
to use biochar alone or in combination depends on
the unique objectives and conditions of the wetland
project, often necessitating site-specific testing and
expert guidance to ensure its optimal effectiveness
(Deng et al., 2021).

In CW systems, the addition of biochar compos-
ites, which include biochar combined with various
metal oxides, has shown a significant improvement
in the removal of dyes from wastewater compared to
the control group, which lacks biochar (Phiri et al.,
2024). Biochar composites (CuO/BC, MgO/BC,
ZnO/BC, MnO,/BC) indicated that copper oxide/
biochar (CuO/BC) composite achieves the high-
est color removal efficiency, with 95.52% at a maxi-
mum hydraulic retention time (HRT) of 60 days. It
is exceptionally effective in adsorbing and removing
dyes from the wastewater. Magnesium oxide/biochar
(MgO/BC), following closely, demonstrates a color
removal efficiency of 92.88%. The addition of mag-
nesium oxide to biochar significantly enhances its
dye-removal capabilities. ZnO/BC is also effective,
with an 88.08% color removal efficiency. Zinc oxide
combined with biochar provides a favorable medium
for dye adsorption and removal. Manganese oxide/
biochar (MnO,/BC) composite achieves an 84.08%
color removal efficiency. Manganese oxide, when
combined with biochar, contributes to improved dye
removal. Biochar (BC) alone: when biochar is used
by itself, it demonstrates a color removal efficiency
of 77.92%. Biochar is known for its porous structure
and high surface area, making it a capable adsorbent
for dye removal. However, the results clearly show
that the addition of metal oxides further enhances

its performance. Control (without biochar): in the
control group, where no biochar is used, the color
removal efficiency is the lowest at 56.4%. This high-
lights the crucial role that biochar plays in enhancing
dye removal in CW systems (Munir et al., 2023).

The utilization of sewage sludge and cattail litter
as raw materials for biochar production has proven to
be highly effective in enhancing the advanced treat-
ment of secondary effluent in CWs (Qi et al., 2024).
The results revealed remarkable improvements in
total nitrogen removal efficiency with the implemen-
tation of sludge biochar CWs (SBC-CWs) and cattail
biochar CWs (CBC-CWs) when compared to a con-
trol group devoid of biochar. SBC-CWs achieved an
impressive total nitrogen removal efficiency of 91%,
underscoring the capacity of sewage sludge—derived
biochar to significantly reduce total nitrogen levels
in the treated effluent. Similarly, CBC-CWs demon-
strated substantial success with an 81% removal rate,
showcasing the value of cattail biochar in enhanc-
ing total nitrogen removal within the CW system. In
contrast, the control group, without biochar, attained
a total nitrogen removal efficiency of 67%, serving
as a reference point for the notable advancements
brought about by the incorporation of biochar in the
CWs (Zheng et al., 2022). This approach not only
enhances the quality of treated wastewater but also
offers an eco-friendly means of repurposing sewage
sludge and cattail litter, traditionally considered waste
materials, into valuable resources for water treatment
and environmental remediation (Yadav et al., 2023).
Adsorbent material rice husk is used in a CW, an
engineered structure to increase textile industry efflu-
ent encompassing reactive black dye (RB) in amal-
gamation with phytoremediation and bioremediation
(Saba et al., 2015). Biofilm molded in the macro-
phyte rhizomes and roots as well as in the media of
substrate plays a significant role in the biogeochemi-
cal and biodegradation transformation of the varied
nutrients, toxic substances, and organic materials
(Sharma, 2022). Some examples are given in Table 2
along with preparation conditions.

Hydraulic load rate (HLR) and hydraulic retention
time (HRT)

Hydrology is a primary factor in the consolation of

wetland function, and the flow rate should also be
controlled by the achievement of suitable treatment

@ Springer
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performance. The optimal HRT and HLR designs
show a significant part in the elimination efficiency of
the CWs. Better HLR elevates wastewater passageway
through media, which reduces optimal contact time.
Optimum HLR also can satisfy irrigation standards
like COD and BODj levels with the HLRs of 0.04 to
0.06 m/d having 64% and 88% removable rates which
satisfied irrigation standards. Biochar also plays a sig-
nificant role in this parameter like HSSF-CWs with
chipped hemp fiber having an HLR of about 0.023 m/
day (Bolton et al., 2019). The optimal HRT and HLR
may vary depending on the specific treatment objec-
tives and influent characteristics. Increasing the HLR
can increase the treatment capacity of the wetland
but may also decrease the treatment efficiency. Buffer
zones within the wetland can provide additional con-
tact time for water and biochar, especially for hard-
to-treat contaminants. Properly placed baffles, dis-
tribution pipes, or other hydraulic control structures
can help prevent preferential flow paths and minimize
short-circuiting (Minakshi et al., 2022).

Another important parameter is contact time
because it directly affects the removal of pollutants as
well as the microbial community that might be estab-
lished in the CWs. After all, longer HRT provides a
higher contact time for microbial activities to remove
the contaminant. Biochar consists of chipped hemp
fiber in HSSF-CWs and has a retention time of 5.1
for phosphorus removal (Bolton et al., 2019). The
removal rate is directly related to the retention/contact
time such as the removal rate of total nitrogen (TN)
and total phosphorus (TP) increase by increasing the
retention time from 2 to 3 days without NCB addi-
tion (Meng et al., 2019). In another case, water qual-
ity parameters like BODs, TSS, TVS, total coliform,
and fecal were tested, and the results indicate that in
the first 8 months, there was no difference in water
quality parameters BODs, TSS, and TVS in sand and
biochar in their outflow concentration, but the sig-
nificant difference occurs in the last 3 months where
the biochar showed better result than pure sand (De
Rozari et al., 2015).

Feeding mode of influent
One of the most important parameters is the feed-
ing mode of the influents (Zhang et al., 2012). The

mode of feeding influents, whether it is in a batch,
continuous, or intermittent manner, has a direct

@ Springer

impact on the processes occurring in wetland sys-
tems. These processes include the diffusion and
transfer of oxygen and the oxidation—reduction
conditions, which ultimately affect the treatment
efficiency. Several researchers have evaluated the
effects of different influent feeding modes on the
removal efficiency of CW treatments. Optimiz-
ing hydraulic retention time (HRT) conditions in
a continuous biochar-augmented CW is crucial for
effective wastewater treatment and ensuring suf-
ficient contact time between biochar and the influ-
ent. This involves calculating the necessary mini-
mum HRT based on treatment goals and wetland
design parameters, taking into consideration both
the flow rate and wetland volume. For batch sys-
tems, HRT is controlled by filling the wetland with
wastewater and allowing it to stand for a specified
period before draining and refilling. It is crucial to
implement flow control mechanisms to regulate the
influent flow rate into the wetland, which is accom-
plished by employing flow control structures like
weirs, flumes, or flow meters (Qi et al., 2023). To
maintain the desired HRT and prevent system over-
load in batch systems, manage the hydraulic load-
ing rate (HLR) by adjusting it as needed. Addition-
ally, incorporate buffer zones within the wetland to
extend the HRT and improve treatment, especially
for challenging-to-treat contaminants. A sequen-
tial treatment design within the wetland, where
water passes through different sections or com-
partments with varying HRTs during batch cycles,
optimizes the treatment for different contaminants
and enhances the utilization of biochar. To prevent
preferential flow paths in batch systems, design the
wetland to minimize short-circuiting by ensuring an
even distribution of flow. Properly placed baffles,
distribution pipes, or other hydraulic control struc-
tures can effectively achieve this (Xing et al., 2021).

Generally, the batch feeding mode can attain bet-
ter functioning as compared to continuous opera-
tions by elevating more oxidization conditions, on
the elimination competencies in the tropical SSF-
CWs (Deng et al., 2019). The study aimed to inves-
tigate the impact of biochar on nitrogen elimination
in a CW using the intermittently aerated and batch
mode. The performance of biochar, derived from
decayed wetland plants (Arundo donax), was evalu-
ated at different dosage levels. The dosage groups
included group A with 0% biochar, group B with
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10% biochar, and group C with 20% biochar (v/v).
The objective was to assess the influence of biochar
on the nitrogen removal efficiency of the CW sys-
tem (Li et al., 2019b).

Removal of pollutant
Removal of inorganic material
Removal of nutrients, BODs, TSS,TVS

Biochar is used for nutrient elimination in CWs.
Results have demonstrated that biochar could
enhance phosphorus. Nitrogen retention has also been
demonstrated; however, nitrogen reductions are gen-
erally processed by microbial activity (Feng et al.,
2023). The elimination efficacy for PO,~P was sig-
nificantly larger than the control CWs, as compared
to the biochar-containing system, proved by surface
and elemental analyses. The biochar is also utilized
as a soil fertilizer and has the latent to be reused and
regenerated; nevertheless, further research is manda-
tory. Further inquiry is also necessitated about nutri-
ent bioavailability on augmented biochar (Bolton
et al., 2019). The biochar addition to the gravel sub-
strate drastically improved the pollutant elimination
performance in the SF-CWs. The VBF-CW along
with NCB sludge fermentation (sewage sludge, rice
straw, and food wastes) addition has significantly
enhanced elimination efficiencies at a specific HRT of
3 days, while TP and TN removal rates at a reduced
2-day HRT were much higher as compared to HRT of
3 days without the NCB addition (Meng et al., 2019).
Biochar lessened global warming potential values of
CH, and N,0O to 24.0% and 18.5% (Guo et al., 2020a).

Biochar based on agricultural wastes/zeolite
and gravel (biochar-amended CW) had established
an ameliorate performance as compared to wet-
lands with only gravel substrate (Abedi & Mojiri,
2019). In another literature, three varieties of VF-
CWs, crammed with the wood biochar (WB-CW),
gravel (G-CW), and corn cob biochar (CB-CW),
under tidal flow operations, were relatively assessed
to explore the anaerobic digestion for treatment of
effluent, mechanisms, and performance. It had estab-
lished that the WB-CW and CB-CW impart sugges-
tively elevated elimination efficiencies for the TN
(37%), organic matter (59%), phosphorus (71%),

and NH,*-N (76%), compared to G-CW (22-49%)
(Kizito et al., 2017).

For the study of nutrient and organic removal,
three hybrid (VF-HF) wetland systems were dem-
onstrated. These CWs were full of unconventional
and common media (biochar, sand, and gravel) with
diverse water depth and saturation ratios (Saeed
et al., 2019a). Adsorption characteristics and carbon
content accessibility of the biochar were accompa-
nied by improved nitrogen eliminations in the partly
saturated VF-CWs; absenteeism of these specific fac-
tors shortens nitrogen exclusions in the gravel-based
unsaturated VF-CWs. Amid the two variables, i.e.,
saturation depth and media type, the prior preju-
diced nitrogen subtractions partly saturated VF-CWs.
Another study documented that potential submission
for the partially saturated shallow water depth—based
hybrid wetland crammed with unconventional media
attains significant organic and nutrient exclusion rates
irrespective of improved input loadings (Fernandez-
Fernandez et al., 2020).

Different water quality parameters are also affected
by the presence of biochar in the wetlands. FWS-
CWs removed PO43—P, NH;-N, and iron ions in the
E-BHFCW effluent, which instantaneously enhanced
DO absorption of the effluent, and elimination rates
of TP and TN were also high as 52.99% and 62.62%
(Gao et al., 2019). The TP and TN elimination effi-
ciencies from wastewater were also highest in LBP
(clay aggregates + biochar + plant filters) (20.0% and
22.5%, respectively), followed by LP (clay aggre-
gates+plant) (13.7% and 16.2%, respectively) and
LB (9.5% and 15.6%, respectively) filters. The study
findings have confirmed that biochar has proved to be
a beneficial supplement for the planted HSSF-CWs
to improve the treatment competence of the systems
(Kasak et al., 2018). Similarly, an experiment for TN
removal was performed with a different substrate
such as biochar and sand with different ratios. These
outcomes confirmed that biochar can be a promising
choice for sustainable maneuvering under seasonal
temperature alternation (Li et al., 2019a).

Hybrid wetlands with specific media, such as bio-
char and CWs, have produced greater effluent poten-
tial for disposal. Biochar along with crushed mortar
has been demonstrated to be an extremely efficient
combination as a media for sub-surface flow CWs for
wastewater treatment (Saeed et al., 2019b). TP was
also reduced substantially from the wetland system
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effluent. The CW along with KS23 and biochar pre-
sented the highest TP elimination with the lowest
value up to 15 mgL~! (Saba et al., 2015).

Pollutant elimination with the help of woody bio-
char (from Quercus sp.) and gravel media has also
been recorded in which CWs were planted with the
Canna sp. The results showed that CWs along with
biochar media showed better elimination efficiency as
compared to the CWs with only gravel media (Gupta
et al., 2015). Anaerobic digestion of effluents revealed
that biochar media (from corn cob and wood biochar)
had notably higher elimination efficiency (Kizito
et al., 2015). Therefore, water quality parameters are
easily affected by the presence of biochar which can
bring water quality standards to health organizations.
Table 3 illustrates the water properties, nutrient, and
metal removal efficiency of biochar-amended CWs
under various conditions.

Removal of heavy metal

Biochar filters offer an analogous performance to the
sand filter despite having a lower bulk density which
is coarsely one-tenth that of the sand filter. That is due
to the elevated porosity and surface area of biochar.
Wastewater remediation that is polluted with heavy
metals entails numerous technologies, for example,
reverse-osmosis, adsorption, electrodialysis, and ion
exchange which are most common. Nearly all these
technologies are costly, metal-specific, and energy-
intensive. However, constructed wetland microcosm
(CWM) macrophytes are recognized for their enor-
mous potential toward the trace. CWMs for metal
elimination involve chiefly sedimentation, cation
exchange, filtration, complexation, adsorption, pre-
cipitation, microbial oxidation/reduction, and macro-
phyte uptake processes. Trace metal bioaccumulation
has direct consequences on numerous abiotic, biotic,
and environmental factors such as temperature and
pH in the CWMs (Kumar & Dutta, 2019).

Hydric environments often experience prolonged
saturation and/or flooding, leading to the alternation
of oxic (oxygen-rich) and anoxic (oxygen-depleted)
conditions in the soil. As a result, these soils fre-
quently encounter variations in redox potential, pH
levels, electron carriers in microbial activities, dis-
solved oxygen (DO), inorganic carbon concentrations,
and more. These factors are particularly relevant in

@ Springer

CWs hat serve as sinks for contaminated waters or
sediments, which are subsequently discharged in
response to changes in hydrodynamic conditions
and physicochemical properties. The biogeochemi-
cal changes associated with discrepancies in flooding
regimes and the presence of vegetation can potentially
transform CWs into sources of metals. Therefore,
amendments like calcium carbonates, typically effec-
tive in reducing metal mobility in upland sites, may
not be sufficient in hydric soils (Alvarez-Rogel et al.,
2018). In the remediation of arsenic and cadmium
contamination in paddy soil, a study investigated the
combined application of biochar and nZVI (nanoscale
zero-valent iron). The results indicated that the co-
application of biochar and nZVI effectively reduced
the bioavailability and mobility of both cadmium and
arsenic in the soil. The combined treatment demon-
strated synergistic effects compared to using biochar
or nZVI alone. The positive outcome can be attrib-
uted to several factors, including the enhanced forma-
tion of an iron plaque due to increased levels of amor-
phous iron oxides in the soil, the improved adsorption
capacity of biochar, and the increased pH of the soil.
These factors collectively contributed to the success-
ful remediation of cadmium and arsenic contamina-
tion in the paddy soil (Qiao et al., 2018).

In another study, the elimination of nutrients and
heavy metals from biogas slurry, the researchers
explored the use of fillers (zeolite and biochar) and
their mixtures with biosorbents (chlorella compound
and a microbial agent) in CWs planted with water
spinach (Ipomoea aquatica). The findings indicated
that the CWs achieved a nutrient elimination rate
above 60%. The efficiency of heavy metal removal
from the biogas slurry in the CWs followed the order
of copper < zinc < arsenic, with removal rates rang-
ing from 0.32 to 0.88%, 8.15 to 23.69%, and 35.38
to 83.89% respectively. The combination of compos-
ite biochar and the microbial agent exhibited higher
removal efficiency (Ouyang et al., 2023). The combi-
nation of two fillers and/or two biosorbents showed
the most significant effect on reducing zinc and cop-
per accumulation in the upper parts of water spinach.
On the other hand, biochar alone demonstrated the
best result in reducing arsenic accumulation in both
the underground and aboveground parts of water
spinach (Guo et al., 2020b).
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Constructed wetland-based removal of organic
compounds

Organic pollutants encompass a wide range of
compounds and molecules with varying sizes, all
of which contain at least one carbon atom. Carbon
serves as an energy source for various organisms,
promoting the formation of biomass. However,
excessive biomass growth, such as algae blooms,
can occur as a result. The decomposition of
organic compounds by bacteria consumes oxygen,
leading to oxygen depletion and subsequent fish
kills. Constructed floating wetlands (CFWs) are
capable of reducing the concentration of organic
pollutants through three main processes:

(i) Direct uptake of dissolved organic contami-
nants by the roots of vascular plants, bacteria,
and algae cell walls or membranes

(ii)) Microbial transformation of larger organic
compounds into smaller compounds that can be
readily absorbed by different parts of the plants

(iii)) Adsorption of hydrophobic organic compounds
onto particulate matter or directly onto the bio-
film, eventually precipitating into the sediment

These processes contribute to the effective removal
and mitigation of organic pollutants in CFWs,
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promoting improved water quality and ecosystem
health (Bi et al., 2019). Figure 2 shows the mecha-
nism of organic pollutant removal.

Polycyclic aromatic hydrocarbon (PAH)

With the addition of biochar to the soils, the PAH
removal upsurges significantly to around twice
as much as compared to fertilizer and CK treat-
ments. The outcome is synergistic and improved
by combining the fertilizer and biochar that are
inserted into the soil; the exclusion rate upsurges
up to 12.13% associated with that of the biochar
addition only. This is perhaps because biochar
endorses PAH absorption and decreases PAH lev-
els. Consequently, biochar use is an auspicious
way to remediate polluted soil. Bamboo-based
biochar accumulation in the soil desorption and
adsorption of diethyl phthalate (DEP) indicates
that biochar highly improved the adsorption capac-
ity of the soil, particularly for biochar based on
high temperature (e.g., 600 °C) indicating that it
depends on the soil organic carbon (SOC) level
and aging of biochar processes. The improved
phthalate acid ester (PAE) sorption in the soils by
biochar may melodramatically decrease the leach-
ing loss (Zhang et al., 2016).
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Fig. 2 Mechanism of inorganic and organic pollutant removal
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Anthracene and phenanthrene

The frequent existence of PAHs in aquatic environ-
ments is of prodigious apprehension due to their
carcinogenicity, mutagenicity, toxicity, and terato-
genicity to human beings, plants, and animals. Con-
structed wetland microbial fuel cells (CW-MFC)
were inspected along with an anode electrode modi-
fied without and with biochar nZVI. The average
exclusion effectiveness for anthracene and phenan-
threne ranged from 88.5 to 96.4%. The phenanthrene
absorption in laminas roots and stems of 7. orienta-
lis was 2.3, 14.9, and 3.9 ng g~! respectively, while
that of the anthracene was 22.2, 1.3, and 3.1 ng g‘l,
respectively (Wang et al., 2019).

Phenol

About 99% (50 mg L") of the phenol was removed
in all runs via zeolite, biochar, and gravel substrate
coatings treatment. Biochar and zeolite substrate lay-
ers played a significant role in reducing phenols by
about 99.9% abolition effectiveness (Abedi & Mojiri,
2019). Phenol eradicated about 60% of the wastewa-
ter of petrochemicals by the use of biochar (Razmi
et al., 2019).

Bisphenol A (BPA)

Biochar derivatives from the wood dust (biochar 0) at
diverse pyrolytic temperatures (300, 500, and 700 °C,
referred to as biochar 300, biochar 500, and biochar
700, respectively) were categorized and inspected for
their bisphenol A (BPA) adsorption. Compared with
the other biochar, biochar 700 has shown a higher
adsorption rate and capacity due to the high pore vol-
ume and specific surface area. Subsequently, fixed-
bed columns amended with biochar 700 can eliminate
BPA more efficiently than the columns with biochar
0, biochar 300, and biochar 500.

Organochlorine waste

Organochlorine from the papermaking industries has
contaminated soils worldwide, and biochar addition
has improved contaminated soils in several situa-
tions for wheat (Triticum aestivum L.). Straw-based
biochar to the organic halogen polluted the saline-
alkali soil. The addition of biochar has abridged the

adsorbable organic halogen (AOX) concentrations in
the extractable organic halogens (EOX) and soil in
reeds (i.e., Phragmites communis) by 14 to 51% and
9 to 94%, respectively, and consequently improved
the reed biomass by 1 to 25%; these vicissitudes were
related to the variations in the diverse properties of
soil. Soil properties, like the surface properties, pH,
and organic functional groups, were enhanced fol-
lowed by the biochar addition, and some variations
were sustained at enhanced levels over time. The ure-
ase, enzyme activity, and sucrase and alkaline phos-
phatase in soil were amplified by 14-57%, 2-147%,
and 1-75% as an escalating function of the amend-
ment biochar, respectively, while the dehydrogenase
was reduced by 13-60%, which may have assisted in
the AOX decomposition acceleration. The assortment
of the community of bacteria is also enhanced due to
the biochar application and is prone to a key halogen
degradation indicator.

The addition of biochar likely reduced organic hal-
ogens’ bioavailability by enhancing the structure and
function of the microbial community, reducing the
transfer of reeds grown in the papermaking organo-
chlorine-contaminated soils. So biochar plays a note-
worthy part in the decrease of environmental pollu-
tion by organic halogens (Cui et al., 2019).

Mehlich-3 P

Biochar diminished Mehlich-3 P absorptions in the
soils by 0.9 mg kg in the absenteeism of the phospho-
rus additions and improved Mehlich-3 P absorptions
by 3.3 mg kg when attached to the phosphorus source
(Nelson et al., 2011).

Pesticides (chlorpyrifos)

CWs have attracted attention because of their abil-
ity to eradicate pollutants such as pesticides and their
low construction, maintenance, and operation costs.
Recently, CWs have revealed an elevated capac-
ity for the treatment of organic chemicals, chiefly
pesticides, in wastewater. The primary mechanism
elaborating CW elimination of the pesticides is
unclear, because of the lack of comprehensive mass
balance data, particularly for the trace organic pol-
lutants. Pesticides are present in the water bodies
either in the dissolved or particulate form. Particu-
lar pesticides, for instance, the extensively forbidden
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dichlorodiphenyltrichloroethane (DDT), are tena-
cious in the ecosystem, while newly industrialized
pesticides usually have a shorter half-life. Microbial
degradation and partially reversible adsorption have
been recognized as the chief elimination processes for
these pollutant groups. Direct removal by plants was
extremely low to insignificant (<0.6%). Pesticides
with a high value of octanol-water partition coef-
ficients (log Kqy) are probable for adsorption to the
epidermal lipids in the roots without any additional
uptake into plants. Though this eliminates these pesti-
cides from the water bodies, it does not remove them
from water bodies. Under evident circumstances,
moderately sorbing pesticides, like metazachlor or
isoproterenol, can be discharged back into the water
(Bietal., 2019).

Organophosphorus  pesticide (OPP) removal
can also take place in CWs, and the chief processes
encompass phytoremediation (plant uptake, phyto-
volatilization, phytodegradation, and phytoaccumu-
lation), substrate sedimentation or adsorption, or/and
biodegradation. On quantitative analysis by mass bal-
ance, for water-soluble pesticides, the major elimina-
tion process was by microbiological degradation. This
consequence was a divergence from verdicts obtained
with the hydrophobic OPPs, in which the main pro-
cesses were sorption and biodegradation by substrate
(Liu et al., 2019). Cyperus alternifolius transpiration
obtained by uptake of chlorpyrifos was 0.05+0.01
and 0.06+0.02 mg m~2 day~' in the iron-amended
biochar wetlands and plant cells, respectively, while
the direct transpiration based on the uptake process
was protuberant for about low to intermediate log
Kow values (0.5-3.0) (Tang et al., 2016). The com-
post addition can upsurge the organic matter contents
and enhance soil biological activity, porosity, and
nutrient availability. The iron-biochar presence would
extensively upsurge the sorption capacity of chlorpy-
rifos, up to about 9.2-22.5% of the total elimination
due to enhanced sorption and iron plaque in plant
roots. However, it has been noted that the addition
of biochar may have inverse effects on the pesticide
transformation in soil (Liu et al., 2019; Tang et al.,
2016). Four biochar amendments diminished the
comprehensible content of 21 various organochlorine
pesticides but amplified the Proteobacteria, Actino-
bacteria, Firmicutes, and Gemmatimonadetes abun-
dances, (Ali et al., 2019). Sorption of pesticides on
the biochar can increase its retention, thus reducing

@ Springer

its bioavailability to microbes and plants in soil (Tang
et al., 2017a).

The elimination of pesticides tebuconazole and
imazalil at realistic concentration levels in the satu-
rated CW mesocosms planted with the five varied
plant species (Iris pseudacorus, Typha latifolia,
Phragmites australis, Juncus effusus, and Berula
erecta) was observed under varied hydraulic loading
rates throughout the winter and summer. The elimi-
nation of imazalil and tebuconazole correlated with
nutrient (P and nitrogen) removal, the evapotranspira-
tion rate during summer and winter, and DO/oxygen
saturation. This discloses two conceivable metabo-
lization pathways: deprivation that took place inside
the plant tissue after uptake and microbial degrada-
tion (plant-stimulated) in the bed substrate. Moreo-
ver, results indicated that nitrifying bacteria played
an active role in pesticide biodegradation (Lv et al.,
2016). The organic compound removal efficiency of
CWs under various conditions and sizes is shown in
Table 3 with different HRT and HLR.

Dye removal

CWs are a promising field, not only for detrimental
chemical reduction but also for performing a notewor-
thy part in water recycling for agricultural functions.
CW system-based treatment emphasizes the adsorp-
tion of dye by the soil substrate, microbial base deg-
radation activity, and plant uptake base phytoaccumu-
lation. Diverse forms of media have been utilized for
the detoxification of wastewater, but little work has
been done apropos agricultural waste, particularly for
the biochar and rice husk; therefore, wastewater treat-
ment in the CWs utilizing the agricultural waste and
its biochar is a potential growth field and will offer
a standard of the organic contaminant degradation
kinetics for agricultural waste medium.

Reactive black dye adsorption on the rice husk has
proven that dye adsorbs the biochar. It has been sug-
gested that the presence of organic carbon in dried-
out plant substances is hydrophobic and organophilic
in nature, which has provided the sites for oxidizing
strongly for the degradation of dye. In general, the
obtained outcomes have indicated that half of the
dye removal was achieved by CW substratum by the
adsorption process (Saba et al., 2015). Efficiencies
of color removal of about 99% obtained have demon-
strated the azo bond cleavage and also established the
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AO7 elimination and SO, discharge rates exposing
adsorption onto the substrate constant (Davies et al.,
2006).

Straw-based biochar (biochar) was produced as a
profitable substitute for activated carbon (AC) that
tested the adsorptive abilities of the rhodamine B
(RB) and reactive brilliant blue (KNR). AC and bio-
char are similar in surface area but vary in the acidity
of the surface, porosity, and surface charge. Both car-
bon-based compounds are greatly efficient as adsor-
bents for dyes at pH 3 and 6.5. Biochar was vaguely
more efficient than AC in the adsorption of RB dye
and low pH-based RB protonation. Their behavior
was reversed in the effectiveness of the adsorption
of reactive brilliant blue (KNR) for similar reasons
(Qiu et al., 2009). Dyes are not degraded by wetlands
themselves without any suitable substrate, and differ-
ent studies have given us an indication of the use of
biochar for this purpose.

Microbial communities in CWs

Biochar can also have an impact on microbial interaction
and activity. The efficiency of purification of biochar-
amended CW systems is closely correlated with changes
in the microbial ecology and the number and activity
of functional populations. The effect of adding biochar
on the variety and richness of microorganisms in CWs
has not regularly shown an influence, though (Yuan
et al.,, 2020). Furthermore, the biochar-released ele-
ments, contaminants, and dissolved oxygen from waste-
water may all move in the biofilm, forming a gradient-
changing micro-environment along the depth direction
of the biofilm (Gul et al., 2015). Aside from its poten-
tial as an organic carbon source, biochar also could act
as just transferring electrons between donors, electric
conductors, and acceptors for microbial nitrate reduc-
tion (Table 4), thus accelerating the biological pollutant
removal rate (Sathishkumar et al., 2020). However, there
were some opposing views expressed. Though biochar
carbon may be utilized for denitrification, the amount
was restricted. Given the nature of biochar, it may be dif-
ficult for microbes to assimilate the released carbon. Bio-
char absorbance extends the retention duration of some
slow biodegradable substances and enhances the subse-
quent microbial pollutant interaction process (Zhuang
et al., 2022). Another study aimed to enhance the nitro-
gen and phosphorus removal efficiency of surface flow

constructed wetlands (SF-CWs) by incorporating bio-
mass into the SF-CW matrix (Fan et al., 2021). Through
simulation experiments, the researchers assessed the
impact of varying biochar amounts on water purification,
Vallisneria natans growth, and microbial mechanisms. It
was found that the combined action of biochar and Val-
lisneria natans significantly reduced nitrogen and phos-
phorus concentrations in the effluent. However, exces-
sive biochar (>20%, v/v) hindered Vallisneria natans
growth. Biochar addition (>10%, v/v) increased carbon
and nitrogen content but decreased phosphorus content
in Vallisneria natans. Over time, nitrogen content in the
matrices decreased, while phosphorus content increased.
Microbial diversity and abundance in biochar-added
SF-CW matrices decreased, but functional bacteria
related to nitrogen and phosphorus removal increased.
In conclusion, adding biochar improved water quality in
SF-CWs, although excessive biochar limited Vallisneria
natans growth, with potential benefits for denitrification
and dephosphorization (Zheng et al., 2021). Biochar was
employed to enhance the performance of CWs for the
removal of organic matter and nitrogen from secondary
wastewater (Guo et al., 2023). Four sets of non-aerated
vertical flow CW (VF-CW) systems were established to
investigate the combined effects of biochar and micro-
organisms on pollutant removal. The results demon-
strated that VF-CWs, which included 1% w/w biochar
alongside microorganisms and plants, achieved substan-
tial removal efficiencies of 89.1% for chemical oxygen
demand (COD) and 90.2% for nitrogen. In compari-
son to the control, VF-CWs also exhibited significantly
higher removal rates for COD and total nitrogen (TN),
with a 35% increase for COD and an impressive 52.3%
increase for TN. The release of dissolved organic carbon
from biochar within the VF-CWs indicated that water
and acidic conditions were optimal for effective nitrogen
removal. Analysis of the 16S RNA gene sequencing dis-
closed that the introduction of biochar in VF-CWs led to
the enhanced prevalence of the bacterial phylum Proteo-
bacteria, followed by Chloroflexi, Planctomycetes, and
Acidobacteria (Ajibade et al., 2021).

Limitations
The environmental jeopardies of biochar during
its utilization must be considered, and higher bio-

char in water or soil remediation limits its prac-
tical applications in the environment. Potential
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jeopardy of biochar encompasses the discharge of
inherent pollutants from the biochar, adverse influ-
ences on organisms such as animals, microbes,
and plants, and enables the pollutant’s transforma-
tion and transport. Some researchers have found
that the biochar or compost addition relatively in
low concentrations stirred the microorganisms and
enzyme activities and augmented microbial diver-
sity, which improves the soil ecosystem’s ability for
organic pollutant degradation; on the other hand,
research has also indicated that the high concentra-
tions of biochar in an application can decrease the
enzymatic activity, microbial diversity, and richness
(Zhuang et al., 2022).

Another limitation in the use of biochar lies in
the specific type of biochar employed, as not all
biochars have a positive impact on the soil. This
disconnection between the intended function of
biochar and its actual performance can be attrib-
uted to structural limitations and a lack of com-
prehensive information on the thermochemical
processes involved in specific biochar synthesis.
Some researchers prioritize the production of bio-
char as an energy product, giving less attention to
its intended purpose of returning the biochar to the
soil. As a result, biochar researchers must consider
each step systematically, from biochar preparation
to its proper incorporation into the soil, in order to
improve its effectiveness in soil enhancement (Tan
et al.,, 2017). For instance, biochar derived from
holm oak chip reduced lead and cadmium in the
grain, with a slightly improved concentration in a
field plot experiment (Moreno-Jiménez et al., 2016).

Waterlogging is another problem that directly
affects on utilization of biochar in CWs because
they affect the wetland species’ growth response
such as in cadmium-contaminated soil which is due
to certain interactions between biochar and water-
logged environment (Zhang et al., 2013). Biochar
use in soil may decrease pesticide bioavailability in
soil which may reduce disease and pest control effi-
ciency, which is an undesirable situation for agricul-
tural production. (Ali et al., 2019). However, there
is a lack of comprehensive data on the co-transport
of pollutants and biochar in water or soil, which
deserves more attention. It is crucial to thoroughly
address the potential environmental risks associated
with biochar before its application, considering fac-
tors such as the presence of inherent pollutants and

the interactions between contaminants, biochar, and
the biota in soil and water systems. Comprehensive
studies are needed to better understand the dynam-
ics and potential implications of these interactions
to ensure the safe and responsible use of biochar in
environmental applications.

Conclusions

A variety of biomass, mostly surplus biomass with
slight to no worth and diverse thermal treatments,
can be utilized for biochar production, which pro-
duces biochar with distinct characteristics in terms
of phase structure, surface properties, and elemen-
tal composition. These multilevel structural proper-
ties of biochar have the auspicious potential for its
application in wetlands for wastewater treatments
by removing or immobilizing HMs and organic con-
taminants (e.g., pesticides and antibiotics). thus,
the effect of biochar’s performance in wetland-
based remediation is always important. However,
the applications of biochar in large-scale-based
operations remain the main challenge for industrial
wastewater. More field-scale research is required for
the optimization of biochar’s properties and per-
formance in targeting contaminants. Another chal-
lenging point is the wetland maintenance along with
biochar which can also cause a problem like water-
logging and affect the beneficial microorganism and
pesticides which are beneficial against diseases.
Thus, further research is required for the utilization
of biochar in CWs.
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