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Application and Mechanisms of Biochar in
Wastewater Treatment: A Comprehensive

Review

Abstract:

Jianwun Lai"" With the increasingly serious water pollution problem,
traditional wastewater treatment technologies are facing
the double challenges of performance and cost. Biochar,
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as a porous material prepared by pyrolysis of biomass,
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California, San Diego, USA has gradually become a research hotspot in the field of
*Correspo’nding auth(;r: jil470@ wastewater treatment due to its rich pore structure and
uesd.edu diverse surface functional groups. In this paper, the raw

material source, preparation process and physicochemical
properties of biochar are systematically reviewed, and its
main mechanisms in wastewater treatment are analyzed,
including adsorption, surface complexation and ion
exchange, microbial carrier function and catalytic redox
reaction. Combined with typical application cases, the
effects and advantages of biochar in the removal of heavy
metals, organic pollutants and nutrient salts are introduced.
Finally, the future development trends and research
directions are discussed with respect to the problems of
insufficient long-term stability and difficulty in scaling up
the functionalization in the application of biochar, aiming
to provide references for the research and application in the
related fields and to promote the sustainable development
of biochar technology.
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1. Introduction a key global concern, and its further expansion will

lead to a reduction in the availability of usable water
In the past ten years, research on biochar in the field  regources. According to research, in 2015, the global
of wastewater treatment has become a major focus production of wastewater was approximately 359.4
[1]. With the continuous advancement of technol-  piflion cubic meters, of which about 63%, approxi-
ogy and ongoing product innovation, the pathways  mately 225.6 billion cubic meters, was collected and
of pollution will continue to expand. Both new and 520, about 188.1 billion cubic meters, was treated

existing pollutants will increasingly contaminate [2]. In addition, around 48% of the wastewater was
water resources. Water pollution has already become
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discharged directly into the environment without any
treatment [2]. As the scale and complexity of water pol-
lution grow, current treatment technologies are facing
increasing challenges in both performance and cost.

The global discharge of wastewater is continuously in-
creasing with the growth of the global population and the
process of industrialization. This has led to a worsening of
water pollution. As a result, the rate at which wastewater
is treated cannot keep up with the rate at which pollution
is generated. As a result, the speed at treat wastewater
is treated cannot keep up with the speed at which water
pollution is generated. Therefore, quickly identifying and
developing more effective, environmentally friendly, and
lower-cost wastewater treatment methods is something
that should be paid close attention to.

In response to these limitations, researchers are turning
their attention to alternative materials with high efficiency
and low environmental impact. Biochar is a porous mate-
rial produced by pyrolyzing biomass under oxygen-limit-
ed conditions. It features a rich pore structure and diverse
surface functional groups. In recent years, due to the
increasing severity of water pollution, scientists have be-
gun to focus on the application of biochar. Biochar can
not only purify water quality but also remove greenhouse
gases from the atmosphere, which greatly contributes
to addressing current global environmental issues. The
production cost of biochar is also very low, and its raw
materials are widely available, giving it great potential for
sustainable development.

Furthermore, the affordability and accessibility of treat-
ment technologies vary globally, influencing implemen-
tation strategies. Countries with rapid and slow economic
development differ in how they treat wastewater. The
level of economic development to some extent determines
a country’s approach to wastewater treatment. Further re-
search on biochar may very well change the current situ-
ation, as the cost of producing biochar is lower compared
to most existing wastewater treatment methods. Moreover,
because biochar can be applied to various types of water
pollution, it has gained widespread attention.

Biochar is currently widely applied in soil improvement,
water treatment, energy storage, carbon sequestration, and
biomass conversion. The production temperature of bio-
char, residence time, feedstock composition, and activat-
ing agents (such as KOH) significantly affect the physical
and chemical properties of biochar, such as porosity, pH
value, and specific surface area [3]. According to current
research, biochar can effectively adsorb antibiotics, heavy
metals, and organic pollutants in wastewater treatment; it
can also be applied to carbon dioxide adsorption and agri-
cultural carbon sequestration [3]. At present, research on
biochar has advanced to combining it with other technol-
ogies and developing new biochar-based composites [4].
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With continued advancements in materials science and
policy frameworks, the scope of biochar applications is
expected to broaden significantly. In the future, the global
application of biochar will become increasingly wide-
spread, not only covering agriculture, wastewater treat-
ment, and energy storage, but also expanding into more
areas to address the global environmental crisis. Exploring
the role of carbon trading and policy support in promoting
economic feasibility and implementation will be an im-
portant direction for advancing the future development of
biochar.

Although the application of biochar in wastewater treat-
ment has made significant progress, there are still some
challenges and research gaps. For example, there is a lack
of long-term application studies, the interaction mech-
anisms in real wastewater remain unclear, the function-
alization process is costly and difficult to scale up, and
biochar is hard to recover and reuse [5-8].

The purpose of this paper is to summarize the practical
functions and applications of biochar in wastewater treat-
ment, analyze the future development trends of biochar,
and provide references for related research to promote the
global advancement of biochar.

2. Basic properties and preparation
technology of biochar

2.1 Source of raw materials

Biochar feedstocks are highly diverse, encompassing agri-
cultural residues, forestry or wood waste, animal manure,
municipal or industrial waste, as well as aquatic plants
and algae. Due to the varied nature of these raw materi-
als, each type of biochar exhibits distinct characteristics.
Biochar derived from agricultural waste typically contains
high levels of cellulose and lignin, which contribute to
stable carbon structures, favorable porosity, and moderate
ash content. In contrast, biochar from forestry or wood
waste is notable for its high carbon content, abundant po-
rosity, and low ash levels. Animal manure-based biochar
is rich in nitrogen and contains biologically available
carbon. Biochar produced from municipal and industrial
waste shows considerable variability and may include
heavy metals and micropollutants. Meanwhile, biochar
from aquatic plants and algae generally features high ni-
trogen content, a microporous structure, and numerous
functional groups, making it particularly effective for
adsorption applications. This wide range of feedstocks is
matched by an equally varied array of production meth-
ods, each designed to optimize specific biochar properties.

2.2 Preparation process

The production processes of biochar have continuous-
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ly evolved over the past decade, with currently mature
technologies mainly including pyrolysis, hydrothermal
carbonization, and torrefaction. These three methods are
further subdivided due to differences in temperature, pres-
sure, and specific conditions. For example, torrefaction
is categorized into dry and wet types. Technologies still
in the research stage such as microwave pyrolysis are not
yet widely used in general environmental or agricultural
applications because of higher technical complexity or
equipment costs and are currently suitable only for specif-
ic targets. In addition, the current stage of biochar research
also includes post-treatment processes such as mechanical
modification and chemical activation.

2.3 Physical and chemical properties of biochar
under different conditions

Table 1 summarizes the key properties of biochar derived
from different raw materials, highlighting their character-
istic features and suitable applications. Agricultural waste-
based biochar is rich in fiber and lignin, offering good

carbon stability and porosity, making it ideal for waste
reduction, soil fertilization, and carbon sequestration. Bio-
char from forestry residues and wood waste contains high
carbon content with low ash levels and shows strong ad-
sorption potential, suitable for high-end carbon products,
building fill, and adsorption materials. Animal feces-de-
rived biochar is characterized by high nitrogen and ash
content, beneficial for nutrient adsorption and soil fertility
improvement, although odor and toxicity require manage-
ment.

Table 2 presents the influence of pyrolysis temperature on
the physical and chemical properties of biochar. As tem-
perature increases from low (300°C) to high (600—800°C),
the specific surface area expands significantly from 2—-50
m?/g up to over 800 m?/g, accompanied by changes in po-
rosity from predominantly micropores to a combination of
micropores and mesopores. Functional group abundance
decreases with rising temperature, shifting from acidic
groups such as COOH and OH at low temperatures to
mainly aromatic carbon structures at high temperatures.

Table 1. Biochar Raw Materials Properties Comparison Table

Raw material type Summary of biochar characteristics

Suitable applications Raw material type

Agricultural wast
gricultural waste bon stability and porosity

High fiber and lignin source, good car-

Waste reduction, soil fertilization, .
. Agricultural waste
carbon sequestration

waste and adsorption potential

Forestry residues and wood | High carbon, low ash, high stability

High-end carbon products, build- | Forestry residues and wood

ing fill, adsorption materials waste

Animal feces

and toxicity

High nitrogen, high ash, adsorption of
nutrients but need to deal with odor

Soil fertility improvement, biore- .
) Animal feces
actor media

Table 2. Effects of different conditions on the physical and chemical properties of biochar

. Specific surface area . )
Pyrolysis temperature (/) Porosity Functional group performance
m'/g
Acidic functional groups such as COOH
Low temperature (300°C ) 2-50 Mostly micropores groups su
and OH are more
medium temperature (400-
500° Cu) P ure ( 50-200 Micropores + mesopores Functional groups gradually decrease
. Most micropores + meso-|Few functional groups, mainly aromatic
High temperature (600-800°C ) | 200-800+
pores carbon structure

3. Mechanism of action of biochar in
wastewater treatment

3.1 Adsorption

Biochar adsorbs pollutants primarily through physical and
chemical mechanisms. The differences between these two

types of adsorption are primarily reflected in their adsorp-
tion mechanisms, types of forces involved, adsorption
strength, specificity, selectivity, reversibility, temperature
influence, adsorption layers, and application scenarios.
Physical adsorption refers to pollutants such as metal ions
being attached to the surface and pores of biochar through
van der Waals forces and pore interactions. This type of



adsorption is usually reversible, has a fast rate but weak
binding strength, and is significantly affected by specific
surface area and pore volume. Chemical adsorption main-
ly involves electron transfer and covalent bond formation,
where pollutants form stable coordination bonds or com-
plexes with functional groups. This is the main mecha-
nism for the removal of heavy metals and certain organic
pollutants. Chemical adsorption is typically monolayer,
mostly irreversible and difficult to desorb, has a slower
rate but stronger binding strength, is greatly influenced by
temperature and surface functional groups, and exhibits
high selectivity and specificity. In addition, adsorption ca-
pacity is closely related to the density of functional groups
and cation exchange capacity.

3.2 Surface complexation and ion exchange

Chemical adsorption mainly includes surface complex-
ation and ion exchange. Among these, surface complex-
ation plays a dominant role in most metal adsorption
processes. It involves coordination reactions between
metal ions and surface functional groups such as carboxyl,
hydroxyl, and amino groups, resulting in the formation
of stable complexes. Ion exchange, as the name suggests,
refers to the exchange between positively charged metal
ions and negatively charged functional groups on the bio-
char surface. Although it is a common mechanism during
adsorption, its capacity is relatively limited.

These two mechanisms often interact with physical ad-
sorption and precipitation, collectively influencing the
overall adsorption outcome. For instance, calcium/alumi-
num-modified biochar can enhance the removal efficiency
of U(VI) and Eu** through ion exchange and co-precipita-
tion mechanisms [5].

3.3 Microbial carrier function

Techniques for immobilizing microorganisms on biochar
mainly include adsorption, entrapment, cross-linking, and
covalent bonding. Biochar has a high specific surface area
and porous structure, making it an excellent habitat for
microbial attachment. This promotes biofilm formation,
community stability, and biodegradation. The porous
structure offers physical habitats where microorganisms
can attach and grow on the surface and within the internal
pores, forming stable biofilms. Microbial communities
within these biofilms are more tolerant of toxic pollutants
and hydraulic shear forces, which enhances the stability of
the treatment process [6].

After microorganisms gather on the biochar surface, they
can facilitate cell-to-cell communication which named
quorum sensing, enhancing synergistic degradation ef-
fects. In addition to providing space, biochar can also
improve the microenvironment, such as regulating pH and
enhancing oxygen transfer. This promotes the degradation
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efficiency of organic pollutants. Surface functional groups
on biochar adsorb pollutants, increasing their local con-
centration around microorganisms and ultimately improv-
ing degradation rates. For example, biochar can stimulate
the activity of enzymes such as pB-glucosidase and ace-
tyl-CoA synthase, and regulate key enzymes in the TCA
cycle, which affects the carbon mineralization pathway [9].
In one case, immobilizing Pseudomonas stutter on biochar
for Ni** removal achieved a removal rate of 83 percent
and simultaneously enhanced microbial activity and sta-
bility [6]. Immobilizing microorganisms in biochar can
enhance their tolerance to toxicity, increase reaction effi-
ciency, and improve reusability. This approach is widely
used for the removal of heavy metals, organic dyes, and
nutrients.

3.4 Catalytic oxidation and reduction reactions

Due to the diversity of biochar preparation methods, mod-
ified biochar’s have garnered increasing research interest.
Modified biochar’s, such as those loaded with nZVI or
modified with metal oxides, possess redox catalytic abil-
ities and can actively participate in the degradation and
transformation of pollutants [10],[7]. In wastewater treat-
ment, common reactions involving modified biochar in-
clude Fenton reactions, reduction reactions, and oxidation
reactions. Each type of reaction can influence the overall
treatment process under different conditions. The graphite
structure of biochar and its catalytically active sites, such
as Lewis’s acid sites and metal-binding sites, contribute to
its role as a heterogeneous catalyst. This is one of the key
mechanisms enabling biochar to function effectively in
catalytic processes [7]. For example, Fe-modified biochar
can efficiently catalyze H.O- to generate hydroxyl radicals
(*OH), which degrade organic pollutants [11].

4. Application examples and treatment
objects of biochar

4.1 Heavy metal ions

Biochar can effectively remove various heavy metals,
including lead (Pb?**), cadmium (Cd?*), chromium (Cr®),
nickel (Ni*"), copper (Cu?*), and arsenic (As). The primary
mechanisms involve surface complexation, ion exchange,
electrostatic interactions, and precipitation. For example,
cow dung biochar has demonstrated removal capacities of
up to 40.8 mg/g for Pb (II) and 24.2 mg/g for Cd(II) [7].
Different modification techniques can also enable biochar
to achieve various desired effects. For instance, the addi-
tion of MgO or bioactivation can further enhance selectiv-
ity and adsorption capacity.
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4.2 Organic pollutants

Biochar can effectively remove dyes such as methylene
blue and Congo red, pharmaceutical residues such as
tetracycline and sulfamethoxazole, and volatile organic
compounds like benzene. The removal mechanisms in-
clude n—m interactions, electrostatic attraction, hydropho-
bic interactions, and pore filling. For example, microal-
gae-based biochar (Spirulina) has shown a removal rate of
85.47 percent for methylene blue (MB) with a maximum
adsorption capacity of 113 mg/g. For Congo red (CR),
the removal rate reached 95.61 percent with a maximum
adsorption capacity of 164.35 mg/g. For tetracycline (TC),
the maximum adsorption capacity was 147.9 mg/g [12].
Biochar/TiO2 composites have also achieved a removal
rate as high as 99.2 percent in the degradation of textile
dyes [3].

4.3 Nutrients

Biochar can adsorb nitrogen, such as NH4+" and NOs™, and
phosphorus (PO+*"), making it suitable for phosphorus
removal from wastewater and nutrient recovery in agri-
culture. The adsorption mechanisms include electrostatic
adsorption, ion exchange, and precipitation reactions.
Key examples include ZFCO-BC biochar, which reduced
phosphorus concentrations from 1660 mg/L to 0.06 mg/
L, achieving a removal rate of 99.9 percent [7]. Microal-
gae-derived biochar has shown an ammonia nitrogen
removal efficiency of up to 72 percent [12]. In addition,
biochar can be modified into nutrient-enriched biochar for
use as a slow-release fertilizer in agriculture.

4.4 Analysis of typical cases

Biochar has been widely applied in industrial wastewa-
ter, domestic sewage, and agricultural settings, offering
numerous case studies for analysis. For instance, algal
biochar has been used to treat textile wastewater contain-
ing Cr (VI), achieving an adsorption capacity of 187 mg/g
and a removal rate of 97.84 percent [7]. Biochar can also
remove benzene, nitrogen, and phosphorus from waste-
water. Additionally, it has antibacterial and deodorizing
properties and can serve as a biofiltration material to im-
prove water quality. In agriculture, biochar is mainly used
to remove pesticides and metal contaminants, making it
suitable for the reuse of irrigation water. Literature Refer-
ences

5. Conclusion

With its low cost, sustainability and multifunctionality,
biochar shows a broad application prospect in the field
of wastewater treatment. It can effectively remove a va-
riety of pollutants through physical adsorption, chemical
adsorption, microbial synergy and catalysis. However,

biochar still faces the challenges of high cost of function-
alization, difficult recycling and insufficient evaluation of
long-term effects in practical applications. Future research
should focus on improving the performance of biochar,
lowering the preparation cost, developing composite ma-
terials, and exploring the mechanism of its environmental
behavior to achieve large-scale promotion and application.
Meanwhile, the combination of policy support and carbon
trading mechanism will also promote its economic feasi-
bility and environmental benefits.
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