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Abstract

The emergence and the growing influence of contaminants in wastewater has driven the
development of advanced and efficient treatment technologies. Catalysts based on biochar
have become a promising material because of their cheapness, adjustable physicochemical
characteristics, and environmental compatibility. This study comprehensively reviews
recent developments in biochar-based catalytic processes to treat wastewater with an
emphasis on AOPs and photocatalysis. The main categories of catalysts including metal-
loaded biochar, heteroatom-doped biochar, biochar-supported semiconductor composites,
and magnetic biochar are extensively discussed with regard to their synthesis, structure,
and performance in the elimination of organic, emerging, and heavy metal contaminants.
Emphasis is placed on catalytic reactions, radical (¢OH, SO4e ™) and non-radical (singlet
oxygen and electron transfer) reactions, as well as the effect of functional groups on the
surface, defects, and electronic features in the control of activity. Engineered biochar has
a better performance in charge separation, reactive species generation, and synergistic
interactions between adsorption and degradation. Nevertheless, there are issues such
as heterogeneity in biochar properties, insufficient understanding of structure-activity
interactions, catalyst stability, and the absence of studies of biochar under real wastew-
ater conditions. The future perspectives focus on rational catalyst design, integration of
processes, and scaling up to practical applications. Overall, biochar-based catalysts have
emerged as a sustainable platform for advanced wastewater treatment, but additional
studies are needed to enable their large-scale use.

Keywords: biochar-based catalysts; reactive oxygen species; wastewater treatment;
photocatalysis; emerging contaminants; heterogeneous catalysis

1. Introduction

The demand for clean water is increasing due to fast urbanization, industrialization,
and population growth that generates wastewater significantly all over the world [1].
Wastewater has been identified as a complicated mixture of pollutants, both organic,
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inorganic, and biological, that can cause severe hazards to aquatic life and to human health.
The constant release of untreated or insufficiently treated wastewater into natural water
bodies has led to the degradation of water quality and poses a risk to the sustainability of
water resources worldwide [2].

Much attention is being given to wastewater management nowadays due to the
prevalence of emerging contaminants (ECs), which include pharmaceuticals, personal care
products, endocrine-disrupting compounds, pesticides, and industrial additives. These
pollutants are usually present in small amounts but are highly persistent, can potentially
accumulate, and are toxic. Their constant discharge into water bodies and the inability
to remove them during treatment have caused serious environmental and human health
issues [3]. Specifically, the use of antibiotics and endocrine disrupters has been associated
with the emergence of antimicrobial resistance and ecological imbalances. In addition to
ECs, recalcitrant organic pollutants such as dyes, phenolic compounds, polycyclic aromatic
hydrocarbons, and per- and polyfluoroalkyl substances (PFAS) are often found in wastew-
ater. These compounds are highly chemically stable, with little biodegradability, and are
thus difficult to eliminate through traditional treatment methods. PFAS, in particular, are
known as “forever chemicals” because of their persistence and resistance to environmental
degradation [4]. Likewise, industrial effluents often have complex combinations of pol-
lutants that can make the process more complicated and may demand highly advanced
remedial procedures.

The traditional wastewater treatment methods, such as primary (physical), secondary
(biological), and tertiary (chemical) treatment, have been extensively used over decades. Bi-
ological treatment processes like activated sludge systems have been shown to be effective
in the removal of biodegradable organic material and nutrients but have limited effective-
ness in the removal of persistent and toxic contaminants. This weakness is due to the fact
that microbial communities are not efficient in degrading complex or non-biodegradable
substances [5]. In addition, most of the ECs are found at low concentrations and have
physicochemical characteristics that do not facilitate their elimination by traditional biolog-
ical and physicochemical processes [6]. Cellulose from agricultural agro-waste products,
fruit peels, and shrimp shells possesses a strong affinity for pollutants due to the presence
of different types of functional groups [7-9].

Recent research has shown that the traditional wastewater treatment plants (WWTPs)
are not competent enough to eliminate a wide range of pollutants, such as emerging
pollutants, heavy metals, and pathogens [10]. Consequently, pollutants may persist in
treated effluents and flow into water bodies, causing long-term environmental pollution.
Additionally, some treatment processes can move pollutants from one stage to another,
e.g., water to sludge, without fully degrading or mineralizing them [11]. This poses further
difficulties concerning the sludge handling and possible secondary pollution.

1.1. Advanced Catalytic Processes

The introduction of biochar into advanced catalytic processes is a promising route to
address the shortcomings of traditional treatment technologies and enhance the removal
of pollutants in wastewater systems. The modern catalytic treatment processes, especially
advanced oxidation processes (AOPs) and photocatalysis, have become an immensely useful
approach to the degradation of recalcitrant and emerging pollutants [12]. The distinguish-
ing features of these processes include the production of highly reactive species, including
hydroxyl radicals (¢OH) and sulfate radicals (SO4e ™), which have high oxidation potentials
and react very quickly (h* + HyO — eOH + H"). These radicals have the ability to degrade
a broad spectrum of organic contaminants, such as pharmaceuticals, dyes, and industrial
contaminants, to less toxic or completely mineralized compounds [13]. There are numerous
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AOPs, including Fenton and photo-Fenton reactions (Fe?* + HyO, — Fe>* + «OH + OH ™),
ozone, electrochemical oxidation, ultraviolet (UV)-based processes, and sonochemical pro-
cesses. These approaches may be categorized into homogeneous and heterogeneous systems,
based on the type of catalyst and reaction environment [14]. The success of AOPs is due
to the possibility of almost complete mineralization of pollutants, transforming them into
carbon dioxide, water, and inorganic ions under suitable conditions. The current literature
has demonstrated that AOPs are especially effective in tertiary treatment applications where
they can be used as polishing steps to eliminate contaminant remnants following biological
treatment [15]. In addition, AOPs have the capability to increase biodegradation through
converting complex pollutants to simple intermediates, which can be further broken down
into simpler stages biologically. Despite their effectiveness, AOPs have various limitations
that do not favor large-scale use. These are high power consumption, operating expenses, and
sensitivity to water matrix constituents like natural organic matter and inorganic ions which
may become radical scavengers and lower the efficiency of the process [16]. Moreover, partial
oxidation can result in the production of potentially toxic byproducts, and optimization of the
processes and their monitoring is required.

Photocatalysis, which is commonly regarded as a subgroup of AOP, has been of
interest as a sustainable and energy-saving method of treating wastewater. This pro-
cess is characterized by the activation of semiconductor materials (e.g., TiO;, ZnO,
g-C3Ny) by light irradiation (UV or visible) with the resultant electron-hole (e~ /h*) pairs
(Semiconductor + hv — e~ + h*). These charge carriers then undergo redox reactions to
form reactive species that can degrade pollutants [12]. The most important benefit of
photocatalysis is that it can be used to capture solar energy, and therefore, it is an eco-
friendly substitute for energy-consuming treatment systems. Photocatalytic systems have
proven to be very effective in the degradation of a broad spectrum of contaminants, such
as dyes, pharmaceuticals, heavy metals, and complex organic compounds [17]. Moreover,
heterogeneous photocatalysis allows reuse and recovery of the catalyst, increasing the
sustainability and economic viability of the process. Nevertheless, there are other weak-
nesses of photocatalytic processes, such as poor light absorption (especially in UV-active
materials), rapid recombination of the photogenerated charge carriers, and challenges in
catalyst separation in slurry systems [18]. These limitations have driven extensive research
into catalyst modification strategies, including doping, heterojunction formation, and the
incorporation of carbon-based materials to enhance performance and stability [12].

The principles of sustainability, including energy efficiency, resource use, and environ-
mental compatibility, are increasingly leading to the development of advanced catalytic
processes. The incorporation of inexpensive, renewable, and harmless materials into cat-
alytic systems should be of primary concern in this regard. AOPs and photocatalysis have
great potential to efficiently degrade pollutants, but their sustainability is limited by other
issues like energy requirements, use of chemicals, and complexity of functioning [18]. As
an example, the dependency on external oxidants (e.g., H;O;, ozone) and the artificial light
sources might raise the economic and environmental costs. Hence, research has focused
on developing solar-based systems, heterogeneous catalysts, and recyclable substances to
increase the sustainability of the processes [12].

In this regard, carbon-based materials, especially biochar, have proven to be prospec-
tive platforms in enhancing the sustainability of catalytic processes. Their ability to improve
electron transfer, active sites, and catalyst dispersion makes them well-suited for incorpo-
ration into AOPs and photocatalytic systems. In addition to enhancing catalytic activity,
biochar uses lead to waste valorization and the principles of a circular economy, which are
aligned with the overall objectives of sustainable wastewater treatment.
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1.2. Why Biochar?
1.2.1. Abundance, Low Cost, and Carbon Neutrality

The most important advantage of biochar is its high abundance since it can be made
using a large variety of biomass feedstocks, such as agricultural byproducts, forestry
wastes, animal excrement, and sewage sludge. The utilization of such waste products
not only decreases the disposal costs but also helps to recover the resources and valorize
the waste, which is consistent with the principles of the circular economy [19]. Feedstock
can be selected widely, so it can be produced with unique characteristics of biochar to
meet various environmental needs. In addition to availability, biochar has been known
to be a cost-effective substance, especially in comparison to traditional adsorbents and
catalytic materials like activated carbon (AC) and metallic materials [19]. Its relatively
easy production method, usually pyrolysis with moderate temperatures, also increases
its economic viability in large-scale applications. This is particularly a cost advantage in
developing regions, where cheap water treatment technologies are required [20].

Importantly, biochar offers many other advantages, including carbon neutrality and
reduced climate change. Biochar, as a stable form of carbon, can retain carbon for longer
periods, thereby minimizing greenhouse gas emissions and supporting climate change
mitigation initiatives [21]. Its manufacture and use can, therefore, be incorporated in
sustainable environmental management systems, which connect wastewater treatment
with carbon sequestration and energy recovery. This has resulted in a growing interest in
developing sustainable, cost-effective, and high-performance catalytic materials that may
be able to increase treatment efficiency and reduce environmental impact. In this regard,
carbon-based materials, especially biochar, have been identified as potential candidates
because of their high availability, surface properties, which can be tuned, and possible
use as catalysts [22]. The abundance of biochar, its low cost, carbon-neutral potential, and
distinctive physicochemical properties have made it a highly attractive platform to apply
in the environmental context.

1.2.2. Unique Physicochemical Properties

In addition to the sustainability benefits, biochar has various distinct physicochem-
ical characteristics, which make it a strong catalyst. Its high specific surface area and
well-developed porous structure are among the most remarkable properties, which offer
numerous active sites for adsorption and catalytic reactions. The diffusion and contact of
pollutants with active sites is promoted by the pore structure of biochar, i.e., micro-, meso-,
and macropores, which increases the efficiency of treatments [23,24]. Therefore, the present
study summarizes advances in the preparation and modification of biochar along with
studies on pore structure, surface functional groups, surface charge, and magnetization
modification techniques. Moreover, the effect of biochar modification on the adsorption
mechanism of heavy metals and organic pollutants is summarized, and the field-scale
application and economy of biochar are also discussed. The conceptual framework of this
review is presented in Figure 1.

Surface functional groups like hydroxyl (-OH), carboxyl (-COOH) and carbonyl
groups are also present in biochar and are important in pollutant adsorption, ion exchange,
and catalytic reactions [25]. These functional groups are able to react with contaminants via
electrostatic attraction, complexation, and redox reaction, helping in the elimination of both
organic and inorganic pollutants [26]. First, they play a role in the adsorption of pollutants
via hydrogen bonding, electrostatic attraction, complexation, and 7t-7t interactions. Second,
they can serve as active sites for metal ions, metal oxides, and semiconductor particles in
designed biochar composites. Third, oxygen-containing groups affect electron-donating
and electron-accepting behavior that is directly related to oxidants like persulfate (PDS)
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activation (S,0g2~ + e~ — SOge~ + SO4%7) and hydrogen peroxide. Nevertheless, the
abundance and nature of such groups differ significantly with the severity of pyrolysis.
Lower temperatures tend to conserve more oxygenated functionalities, whereas higher tem-
peratures tend to weaken and decrease the abundance of such groups due to dehydration
and decarboxylation reactions [27,28].
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Figure 1. Biochar physical and chemical properties. The figure was reproduced from Tadesse et al. [23].

In addition, chemical activation or doping of the surface chemistry of biochar can be
utilized further to facilitate the design of custom catalysts that have improved functionality.
Biochar’s electron transfer properties and redox activity are other key features that are
vital in catalytic uses, especially in state-of-the-art oxidation reactions. The presence of
aromatic structures and defect sites in biochar enables electron movement and, therefore,
enables redox reactions and the formation of reactive oxygen species (ROS) [29]. This
characteristic is especially advantageous in catalytic reactions, where effective electron
transfer is necessary to activate the oxidant.

Moreover, biochar is multifunctional, having adsorption, catalysis, and support func-
tions within a single material. It may be used as a catalyst, a catalyst support, or synergistic
component in hybrid systems, which increases the efficiency of the entire process [30]. An
example of this is the fact that biochar can be used to better disperse metal nanoparticles,
agglomerate less, and stabilize catalytic systems [31]. This multifunctionality sets biochar
apart from most traditional materials and gives biochar its versatility in the treatment of
wastewater. Recent developments have shown that composite biochar, such as heteroatom-
doped and composite materials, can be used to provide a significant increase in catalytic
performance. Such changes allow the generation of a better reactive species, greater ad-
sorption capacity, and better structural stability and result in higher pollutant removal
efficiencies [32]. Consequently, biochar-based materials are also being considered as the
next generation of catalysts to develop a high-performance and sustainable wastewater
treatment system.

1.3. Research Gap

Although there are many studies on biochar-based catalysts that have been performed
to treat wastewater, there are still a number of key knowledge gaps that restrict their
rational design and application on a large scale. One of the significant weaknesses is the
unawareness of the coherent knowledge of catalytic mechanisms, including the interaction
of radical and non-radical reactions and their reliance on biochar characteristics. Although
many studies have found high pollutant removal efficiencies, the underlying mechanisms
involved in the generation of reactive oxygen species, electron transfer, and catalytic
activation are usually addressed separately but not in a coherent framework [32]. Such a
knowledge gap limits the possibility of optimizing catalytic systems to certain applications.
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Moreover, most of the research on biochar-based catalytic systems is carried out in
controlled laboratory experiments, typically with model pollutants and simplified water
matrices. This poses a gap between laboratory results and real-world applicability, where
wastewater is composed of complicated combinations of pollutants, competing ions, and
natural organic material. They have the potential to influence the performance, stability,
and reusability of catalysts greatly but have not been studied extensively. Furthermore,
the issues of catalyst deactivation, leaching, and long-term stability have not been prop-
erly considered in practice [33]. Studies have emphasized the necessity of scalable and
application-oriented research, with large-scale field validation and techno-economic assess-
ment still being lacking. Hence, to reduce the knowledge gap between the basic research
and practical application, to bridge that gap, the intensive knowledge of the mechanisms,
standardized assessment schemes, and construction of powerful and scalable catalytic
systems need to be developed.

1.4. Objectives and Scope of the Review

With the fast growth of research in the field of biochar-based materials in wastewater
treatment, there is a need to systematically integrate extensive knowledge to consolidate
the existing knowledge and direct future investigations.

First, this review covers a wide range of biochar-based catalytic materials, including
pure biochar, chemically and physically modified biochar, metal-loaded biochar, magnetic
biochar composites, and biochar-supported semiconductor photocatalysts. Their multi-
functional use in adsorption, catalysis, and hybrid processes has been widely studied, and
the choice of feedstock, pyrolysis conditions, and post-treatment changes largely determine
their performance. Moreover, the recent developments in composite biochar systems,
including doped and composite materials, have been carefully reviewed to highlight their
increased catalytic efficiency and tunable characteristics to remove specific pollutants.

Second, this review focuses on wastewater treatment applications, specifically on
the elimination of organic pollutants, ECs, and heavy metals in municipal, industrial,
and agricultural wastewater streams. The review addresses both individual-contaminant
systems and complex wastewater matrices. Moreover, a focus is put on the practical
treatment designs, such as AOPs, photocatalytic systems, and hybrid treatment designs, in
order to have a complete view of the application scenarios.

The key objective of this review is to develop a systematic and mechanistic insight
into biochar-based catalysts, including their design, performance, and applicability in
sustainable wastewater treatment systems. In particular, the review focuses on the role
of radical (e.g., hydroxyl and sulfate radicals) and non-radical mechanisms (e.g., singlet
oxygen and electron transfer) in the degradation of pollutants and the impact of biochar
defect structure and electronic characteristics on catalytic activity. Moreover, this review
addresses the gap between basic research and applied practice by comprehensively eval-
uating the interrelations between structure and performance and determining the most
important factors that control the catalytic efficiency, stability, and reusability.

Finally, this review provides the existing challenges and future developments of biochar-
based catalytic systems, specifically on the aspects of scalability, environmental safety, and
performance during actual wastewater conditions. Through the combination of the latest
developments with systematic analysis, this work provides a comprehensive roadmap to the
creation of next-generation sustainable catalytic materials for wastewater treatment.

2. Review Methodology

This review was performed in compliance with the PRISMA 2020 (Preferred Reporting
Items in Systematic Reviews and Meta-Analyses) framework to provide transparency, repro-
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ducibility, and methodological rigor in identifying the relevant literature on biochar-based
catalysts in the treatment of wastewater [34]. An extensive literature search was conducted
among the leading scientific databases, such as the Web of Science Core Collection, Scopus,
ScienceDirect, PubMed, and Google Scholar, covering the time frame of January 2016 to March
2026. The literature search was finalized on 15 March 2026. The search strategy was comprised
of Boolean combinations of keywords including (“biochar” OR “engineered biochar” OR
“biochar catalyst”) AND (“wastewater treatment” OR “water remediation”) AND (“advanced
oxidation process” OR “AOP” OR “photocatalysis”) AND (“emerging contaminants” OR “or-
ganic pollutants” OR “heavy metals”) AND additional targeted searches (e.g., “metal-loaded

a

biochar,” “heteroatom-doped biochar,” “magnetic biochar,” or “biochar photocatalyst com-
posites”). Searches were performed primarily within titles, abstracts, and keywords. Manual
screening of the reference lists of the selected studies was also done to identify more relevant
publications. Particular emphasis was placed on original experimental studies and review
articles reporting catalytic performance, reactive oxygen species generation, degradation
pathways, catalyst stability, and structure—-activity relationships.

Studies were included when they focused on biochar-based catalytic materials (pris-
tine or engineered) applied to wastewater treatment, reported catalytic performance or
mechanistic understanding, were published in peer-reviewed journals, and were written in
English. Studies were excluded if they focused solely on adsorption without catalytic mech-
anisms, lacked relevance to biochar systems, or were non-peer-reviewed (e.g., conference
abstracts, editorials).

The PRISMA workflow of 4 steps was used to select the studies: (i) records of databases
were identified; (ii) duplicate records were removed; (iii) records of the databases were
selected based on the title and abstract; (iv) full-text assessment to select the studies was
based on the predefined criteria, and records of the exclusions were documented to ensure
traceability. Data were extracted on the final included studies focused on biochar feedstock,
modification strategies (e.g., doping, metal loading, composite formation), target pollutants,
treatment processes (e.g., AOPs, photocatalysis, hybrid), catalytic mechanisms (radical and
non-radical pathways), performance metrics, and stability or reusability. To increase the
strength of the review, high-quality, peer-reviewed studies with clear experimental design
and reproducibility and findings were cross-validated across multiple sources wherever
possible. The number of published articles related to this work is shown in Figure 2.

Records identified through

database searching
(n=26,120): Records after

Web of Science = 1150 .| Duplicates duplicates
Scopus = 1850 removed = 14,680 removed =11,440
Science direct = 4500,
PubMed = 620,

Google Scholar = 18,000

Full-text articles . Title and abstract
Studies included = 213 assessed for screening and

eligibility =2890 excluded = 8550

Figure 2. PRISMA 2020 flow diagram illustrating the study selection process for this review.

The initial search in the database gave around 1150 records in the Web of Science
Core Collection, 1850 records in Scopus, 4500 records in ScienceDirect, 620 records from
PubMed and more than 18,000 records from Google Scholar from January 2016 to March
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2026. A total of 26,120 records were initially identified, of which 14,680 duplicates were
removed. The remaining 11,440 records were then selected based on the titles and abstracts,
and 8550 studies were excluded for being irrelevant to biochar-based catalytic wastewater
treatment. After that, 2890 full-text articles were evaluated for eligibility, and 2678 were
ruled out because of various factors, including lack of catalytic focus, lack of mechanistic
information, or lack of methodological quality. Finally, a qualitative synthesis was con-
ducted to analyze catalyst design, reaction mechanisms, structure—activity relationships,
and wastewater treatment applications and included 213 studies.

3. Biochar as a Catalytic Platform
3.1. Feedstocks and Production Methods

The feedstock source and manufacturing conditions of biochar are the key factors
that determine the performance of biochar as a catalytic material. They regulate the
physicochemical properties, surface chemistry, and catalytic activity of biochar. Such factors
are crucial in the design of biochar-based catalysts to be used in wastewater treatment [35].

3.1.1. Biomass Feedstocks

Biochar can be generated using a wide variety of biomass materials, mainly in the form
of lignocellulosic biomass, agricultural residues, animal manure, and sewage sludge. Wood
chips, crop straw, and husks are the most common examples of lignocellulosic materials that
are used as feedstocks because of their high carbon content and clearly defined structure.
These feedstocks usually produce biochar of high surface area and stability, thus being
suitable to be used in adsorption and catalytic practices [36,37]. Agricultural residues such
as rice husk, corn stover, and wheat straw are readily available at low cost and have huge
potential as a source of biochar on a large scale. In a similar manner, biochar produced
from animal manure and sewage sludge has been of interest, as it contains high levels
of minerals that can improve catalytic activity due to the presence of naturally occurring
metal species (e.g., Fe, Ca, Mg) [26]. Such mineral-rich biochar can be used in AOPs where
metal components can serve as active catalytic sites. Recent studies have investigated the
mixed use of co-pyrolyzed feedstocks, whereby various biomass types are mixed to obtain
synergistic properties. This method allows control of the biochar properties, including pore
structure and surface functionality, and elemental composition according to the particular
requirements of the application [38—40].

3.1.2. Pyrolysis Conditions

The most common way to generate biochar is through the process of pyrolysis, which
is a thermochemical transformation of biomass where the biomass is heated in a limited
oxygen atmosphere, usually within the range of 300-900 °C [37,41]. The key parameters
of pyrolysis such as temperature, heating rate, residence time, and type of reactor are
critical in the yield and properties of the resulting biochar. Out of these parameters, the
pyrolysis temperature stands as the most important parameter, which affects biochar
properties. Pyrolysis at lower temperatures (300-500 °C) tends to result in biochar that
contains more oxygen-containing functional groups and is more polar; thus, it increases
adsorption capacity with polar pollutants. Conversely, pyrolysis at high temperatures
(>500 °C) results in more carbonization, a larger surface area, more aromaticity, and better
electrical conductivity, all of which are useful in catalytic applications [26].

Other important factors of the biochar properties are the heating rate and residence
time. Low heating rates and long residence times in slow pyrolysis generally give rise
to greater quantities of solid biochar that has well-developed pore structures. On the
other hand, fast pyrolysis is more inclined towards the generation of bio-oil and gases,

https:/ /doi.org/10.3390/catal16060538


https://doi.org/10.3390/catal16060538

Catalysts 2026, 16, 538

9 of 44

which leads to a decrease in biochar production but may have potentially different surface
properties [42]. These parameters should be well managed in order to maximize the yield
and functional performance.

Microwave-assisted pyrolysis, hydrothermal carbonization, and co-pyrolysis are
emerging methods of pyrolysis to increase the efficiency of the process and customize
the biochar to meet a specific application [43]. Such high-tech processes provide better
control over energy consumption, reaction kinetics, and product properties and have led to
the creation of modified biochar materials with better catalytic properties. The interplay
between feedstock composition and pyrolysis conditions governs the structural and chemi-
cal properties of biochar, ultimately determining its effectiveness as a catalytic platform.
Thus, these parameters should be systematically optimized to develop high-performance
biochar-based catalysts for wastewater treatment in a sustainable manner.

The aromaticity and degree of graphitization of biochar, especially in advanced ox-
idation and photocatalytic processes, are sensitive. With higher pyrolysis temperatures,
biochar tends to go through carbonization, resulting in a more condensed aromatic structure.
This change increases the electrical conductivity and electron mobility, which are favorable
to interfacial electron transfer, activation of oxidants, and inhibition of electron—hole re-
combination in composite photocatalysts. Moreover, aromatic domains prefer m-electron
interactions with organic pollutants and are capable of non-radical oxidation reactions via
mediated electron transfer [44,45]. The multifunctional use of biochar as an adsorbent,
catalyst, and catalyst support is supported by its physicochemical characteristics. The
accessibility and mass transfer are controlled by surface area and porosity. Functional
groups control interfacial chemistry and active-site formation and conductivity [26,36,46].

3.2. Intrinsic Catalytic Activity

In addition to its structural and surface properties, biochar possesses significant
intrinsic catalytic properties and can be used as an adsorbent or support, as well as an
active catalyst in the treatment of wastewater. This intrinsic activity is mainly due to
its ability to transfer electrons and its capacity to catalyze both radical and non-radical
degradation pathways, which are the key to complex catalytic systems.

3.2.1. Electron Transfer Capability

A characteristic of biochar is that it can be an electron donor, acceptor, and mediator,
often called its electron exchange capacity (EEC). This feature enables biochar to undergo
redox reactions by transporting electrons among contaminants, oxidants, and active sites.
The internal structure of biochar, such as aromatic domains, defect sites, heteroatoms,
and persistent free radicals (PFRs), is the main factor that determines the electron transfer
behavior of biochar [47]. The effect of this electron mediation is especially crucial in hetero-
geneous catalytic systems, where high catalytic activity requires high efficiency of charge
transport. In addition, biochar possesses persistent free radicals on its surfaces, enabling
continuous electron cycling when degrading the pollutants [48]. In engineered systems,
biochar can serve to mediate electron transfer between metal species or semiconductor
components to minimize the loss of recombination. The synergistic effect is particularly
applicable to catalysts made of composites, where biochar increases the overall catalytic
performance by increasing electron mobility and conductivity [49].

3.2.2. Radical and Non-Radical Pathways

There are a variety of oxidants activated by biochar-mediated catalytic systems and
persist in both radical and non-radical pathways, offering highly flexible mechanisms
of pollutant degradation. Biochar is used in radical pathways to form highly reactive
species like the hydroxyl radical (¢OH) and sulfate radical (5O47), which are able to
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oxidize a broad spectrum of organic contaminants. Radicals are usually generated by
the activation of oxidants such as hydrogen peroxide, PDS, or peroxymonosulfate (PMS)
(HSO5~ + Fe** — SO0~ + ¢OH + Fe®*), usually in the presence of biochar surface func-
tional groups or metal species [48]. Conversely, non-radical pathways, such as singlet
oxygen (10,) production and direct electron transfer, have received growing interest be-
cause of their selectivity, stability, and insensitivity to water matrix effects. Biochar is
important in enhancing these mechanisms by offering active sites and electron transfer
mechanisms that avoid the generation of radicals. Recent studies have demonstrated
that biochar materials, especially those with abundant defects, can selectively catalyze
non-radical oxidation processes, resulting in high catalytic activity and less secondary
pollution [50].

4. Engineering Biochar-Based Catalysts
4.1. Metal-Loaded Biochar Catalysts

Metal loading is one of the best modification strategies to improve the catalytic activity
of biochar in the treatment of wastewater. Addition of transition metals to the biochar
matrix enhances the concentration of redox-active sites, enhances electron transfer, and
activates oxidants. Practically, biochar can serve as a support that disperses metal species
and inhibits their agglomeration, as well as a co-catalytic carbon skeleton providing surface
defects, functional groups, and conducting domains. The recent reviews provide consistent
results that metal-loaded biochars are more active than pristine biochar since they combine
the inherent reactivities of carbonaceous substances with the redox cycling of transition
metals [51,52].

The most widely studied of these systems is Fe-loaded biochar since iron is the most
abundant, is not very toxic, and is the most effective in PDS activation and in Fenton-like
reactions with H>O,. The iron species on biochar can recycle Fe(Il) /Fe(Ill), producing
sulfate radicals and hydroxyl radicals, and the biochar surface promotes electron shuttling
and Fe regeneration. The recent literature has demonstrated that biochar can enhance Fe?*
regenesis in HyO;-based systems via carbon defects and carboxyl groups, which overcomes
the rate limitation of traditional Fenton chemistry [53,54]. Table 1 summarizes biochar’s
application for degrading pollutants in Fenton-like systems [55].

Table 1. Applications of biochar-based catalysts in Fenton-like processes for the removal of pollutants.

Biochar (BC)-Based . Operational Removal
Catalysts Oxidant  Pollutant Conditions Efficiency (%)  Reference
. . PMS dose =3 mM; IC =20 mg/L;
Pine BC PMS Tetracycline CD=30g/L; pH =70 90 [56]
Ni-doped/Cherry core . PMS dose =1g/L; IC=20mg/L;
BC PMS Bisphenol-A CD=0.03g/L; pH = 3.0 100 [57]
. . PMS dose = 8 mM;
Pine needle BC PMS 1,4-dioxane IC = 20 uM; CD = 1 g/L; pH = 6.5 84.2 [58]
Fe/Mn-
PMS dose = 4 mM; IC = 0.32 mM;
]c31(0:ped/Sludge PMS Phenol CD=05g/L; pH = 9.0 100 [59]
. PDS dose =1 g/L; IC =100 mg/L;
Corn cob BC PDS 2,4-dichlorophenol CD=02g/L; pH = 60 86 [60]
. PMS dose =0.2g/L; IC =20 mg/L;
MnFe,O,4/BC PMS Bisphenol-A CD=02g/L; pH =70 100 [61]
. Tetracycline PDS dose =1 mM; IC =50 mg/L;
Soybean residue BC PDS hydrochloride CD=02g/L;pH=7.0 84.1 [62]
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Biochar (BC)-Based . Operational Removal
Catalysts Oxidant Pollutant Conditions Efficiency (%) Reference
PMS dose =1 mM; IC =20 mg/L;
MgFe;O4/MgO/BC PMS Sulfamethoxazole CD=04g/L;pH=56 100 [63]
Sludge-sugarcane . PMS dose = 50 mg/L; IC =20 mg/L;
bagasse BC PMS Bisphenol AF CD=02g/L; pH = 7.0 93.7 [64]
CoWO,/Codoped/ . PMS dose = 0.3 mM; IC =20 mg/L;
BC PMS Chlortetracycline CD=003g/L; pH=52 100 [65]
PMS dose = 0.15 mM;
Red mud BC PMS Sulfamethoxazole IC=0.02mM;CD=15g/L; 100 [66]
pH=4.12
Tetracycline PDS dose = 0.6 mM; IC = 10 mg/L;
CoFeyO4/BC PAA hydrochloride CD=1g/L;pH=5.0 96 [67]
Passion fruit shell . PMS dose = 0.3 g/L; IC =20 mg/L;
BC PMS Tetracycline CD=04g/L;pH=54 90.9 [68]
. PMS dose = 10 mM; IC = 200 mg/L;
FeS/BC PS Tetracycline CD=03g/L; pH =36 87.4 [69]
. PMS dose = 3.0 mM; IC =10 mg/L;
Pine needles BC PMS Phenol CD=02g/L; pH=52 100 [70]
Co304/Peanut shell . PMS dose =1 mM; IC =20 mg/L;
BC PMS Ofloxacin CD=08g/L; pH =70 97.3 [71]
Magnetic rape straw PS Tetracycline PMS dose = 8 mM; IC =20 mg/L; 98 [72]
BC hydrochloride CD=1g/L; pH=5.68
. . PDS dose = 50 mg/L; IC =10 mg/L;
CuO/Rice straw BC PDS Phenacetin CD=03g/L; pH = 426 100 [73]
N-doped/Boehmeria . PMS dose =1 mM; IC =20 mg/L;
nivea BC PMS Tetracycline CD=0.1g/L; pH =70 96.5 [74]
Co-doped shrimp shell . . PMS dose = 0.4 g/L; IC =30 mg/L;
BC PMS Ciprofloxacin CD=0.15g/L; pH = 6.8 89.5 [75]
N-doped/Magnetic .. PMS dose =1 mM; IC =10 mg/L;
BC PMS Sulfadiazine CD=025g/L; pH = 55 95.2 [76]
Co-doped/Goat PMS Ciprofloxacin PMS dose =0.4 g/L; IC =20 mg/L; 9.5 [77]

CD=01g/L;pH=63

IC, CD, PMS, PDS, and PS denote initial concentration, catalyst dosage, peroxymonosulfate, and peroxydisulfate,
persulfate, respectively.

Biochar catalysts made of Mn, Co, and Cu have also become the focus of growing
interest. Multi-valent Mn species in Mn-loaded biochar enable the use of PDS via both
radical and non-radical mechanisms. A recent Mn-doped biochar based on sludge resulted
in complete conversion of phenol under optimum PDS activation conditions. Bimetallic
Fe-Mn biochar is especially promising, as the exchange of the two valence states between Fe
and Mn can enhance oxidant activation and increase degradation routes [78]. In comparison,
Co-loaded biochar tends to be highly active in PMS activation, although the possibility
of cobalt leaching and toxicity is a concern [79,80]. Cu-loaded biochar is also appealing,
as the Cu(I)/Cu(Il) cycling has the capability to operate over a fairly wide pH range,
and Cu-based systems are less toxic than cobalt-based ones. Recent discoveries of cobalt-
and copper-modified biochars used to activate PMS demonstrate that the materials can
effectively degrade antibiotics and dye pollutants [81].
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4.2. Biochar-Supported Semiconductor Photocatalysts

To address the inherent shortcomings of conventional photocatalysts, especially fast
charge recombination, poor visible-light absorption, and low quantum efficiency, biochar-
based semiconductor photocatalysts are a very promising category of materials that inte-
grate adsorption, charge transport, and photocatalytic properties. Biochar can improve light
absorption, which is crucial for addressing the inherent drawbacks of conventional semi-
conductors, thereby making wastewater treatment processes more efficient and sustainable.
The most common semiconductors studied include TiO,, ZnO, and graphitic carbon nitride
(g-C3Ny), as they are the most stable and cost-effective and have catalytic properties [82].
Nonetheless, limited light absorption ranges tend to limit their individual performance
and can be enhanced dramatically by their coupling with biochar-based materials.

4.2.1. Biochar-Semiconductor Composites (TiO,, ZnO, and g-C3Ny)

Several different synthesis methods, including sol-gel, hydrothermal, and co-
precipitation methods, are typically used to prepare biochar-supported semiconductor
photocatalysts, producing hybrid materials with superior physicochemical and catalytic
characteristics. In TiO, biochar systems, biochar is used as a conductive carbon skeleton,
which enhances the surface area, adsorption of pollutants, and catalytic reactions. Similarly,
it has been shown that the synergistic adsorption and photocatalysis of TiO, on biochar in
experimental studies is much more effective in reaching degradation efficiencies than for
pure TiO, [82,83]. In recent years, g-C3Ny4-based composites have become a topic of great in-
terest because of their visible-light sensitivity and the absence of metals. The photocatalytic
activity of g-C3Ny in combination with biochar is greatly promoted because it increases
electron transfer and increases light absorption in the visible spectrum [84]. It has been
demonstrated that biochar/g-C3N4 composites can achieve much higher degradation rates
of organic pollutants than pristine g-C3Njy [85]. Table 2 shows the application of biochar
(BC)-based catalytic systems in pollutant remediation processes through photocatalytic
processes. The targeted contaminants, operational conditions, reduction efficiencies, and
the most important reactive radicals responsible for the degradation mechanisms are shown
highlighted in the table with references. The comparison demonstrates that BC-based cata-
lysts are effective for improving the photocatalytic performance for environmental cleanup
applications [55].

Table 2. Utilization of biochar-derived catalytic materials in photocatalytic degradation of environ-
mental pollutants.

Biochar (BC)-Based . ire Removal
Catalytic Systems Pollutant Operational Conditions Efficiency (%) Reference
Gemifloxacin CD=0.75g/L;IC=15mg/L;

Zn-Co-LDH/BC + UV Antibiotic power = 10 W; pH = 5.5; t = 130 min 927 [86]
. . . CD=05g/L;IC=80mg/L;

TiO, /Chitosan BC + UV Rhodamine B power = 500 W; t = 270 min 100 [87]

g-MoS, /Straw BC + Tetracycline CD =10mg/L;IC =20 mg/L; 9 [88]

visible light hydrochloride power =300 W; pH = 5.0; t = 60 min

TiO, /Walnut shells BC + CD=025g/L; IC=20mg/L;

uv Methyl orange power = 500 W; t = 150 min 96.9 [89]

BiOBr/Lignin-BC + . CD=02g/L;IC=30mg/L;

visible light Rhodamine B power =300 W; t = 60 min 992 [°0]

N-doped/TiO,/BC + UV Methyl orange €D =025g/L;1C = 20 mg/L; 97.6 [91]

power =500 W; t = 90 min
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Table 2. Cont.

Biochar (BC)-Based . o Removal

Catalytic Systems Pollutant Operational Conditions Efficiency (%) Reference

Bi,O,CO3/Rice husk . IC=70mg/L;CD = 0.6 g/L; power =300 W,

BC + visible light Tetracycline pH = 6.37; t = 60 min 847 921
) . CD=1g/L, IC=10mg/L;

g-C3N4/BC + UV Enrofloxacin power = 500 W; pH = 6.6, t = 12 h 81.1 [93]

SnS, /Tea leaves . CD=02g/L;IC=20mg/L;

BC + LED light Amoxicillin power =23 W; pH = 5.0; t = 120 min 93.7 541

g-C3Ny/Crawfish shell BC . CD=1g/L,IC=10mg/L;

1 visible light Enrofloxacin power =500 W; pH =7, t=8 h 90 %3]
-C3Ny/Graphene-like BC CD=02¢g/L;IC=10mg/L;

& P & &

+PMS + Tetracycline PMS dose =0.2 g/L.; pH = 5.45; 90 [96]

visible light t = 60 min

CD=0.1g/L; IC =20 mg/L;
ge\;Cu/Sludge BC +PI+ Diclofenac sodium PI dose = 5 mM; power = 60 W; 99.7 [97]
pH =6.9; t =60 min

gdﬁpfgég; visiblelight  Tetracycline CD =1g/L;IC = 10 mg/L; t = 60 min 81.7 [98]
3Ny

K-doped/g- Naphthalene CD=05g/L;IC=20mg/L; 822 [99]

C3Ny4/BC + visible light

power =200 W; t = 180 min

IC, CD, and t denote initial concentration, catalyst dosage, and time, respectively. IC denotes initial concentration;
CD denotes catalyst dosage.

4.2.2. Role of Biochar in Charge Separation

The capability of biochar to improve charge separation and prevent electron-hole
recombination is considered one of the most crucial functions of biochar in semiconductor-
based photocatalysis. The conductive structure and 7-conjugated domains of biochar can
enable the electron to function as an electron mediator or electron reservoir, whereby the
photogenerated electrons on the semiconductor are trapped by biochar and then trans-
ferred to reactive species. The process greatly increases the lifetime of charge carriers and
enhances the photocatalytic efficiency [100]. In more complex systems, like heterojunction
photocatalysts (e.g., TiO,/g-C3Ny), biochar is an important electron transfer bridge, bal-
ancing the movement of interfacial charges and the efficient separation of photogenerated
carriers [101]. Based on density functional theory (DFT), analysis has verified that biochar
is capable of storing and transporting electrons, and thus promoting overall catalytic
activity [102].

In addition to charge separation, biochar also helps in improved absorption and use of
light, especially within the visible domain. Further, the porous structure and black color of
biochar enhance the light-harvesting capacity by raising photon scattering and extending
light-matter interaction within the catalytic system. Consequently, biocarbon-composite
photocatalysts show substantially better functionality in the condition of visible light and
solar light [103].

4.3. Heteroatom-Doped Biochar

Heteroatom doping has emerged as a powerful method of designing biochar with high
activity as a catalyst. The introduction of non-metallic components can be used to allow
charge distribution without using potentially leachable metals [104]. During wastewater
treatment, the most common dopants that have been investigated are nitrogen (N), sulfur
(S) and phosphorus (P), either as an individual dopant or in co-doped form, because of their
capacity to provide catalytically active sites and enhance the activation of oxidants. Recent
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reviews highlight that heteroatom doping could significantly enhance the environmental
performance of biochar by enhancing conductivity, surface reactivity, and pollutant—catalyst
interactions [55,105].

The most investigated of these materials is N-doped biochar. Nitrogen may be added
as pyridinic N, pyrrolic N, graphitic N, and oxidized N and these formats have a significant
impact on catalytic behavior. N doping increases the electron mobility and surface alkalinity
and enhances adsorption and redox reactivity [106]. It also facilitates PDS activation and
mediates electron transfer pathways, particularly in advanced oxidation systems to degrade
refractory organic pollutants (ROS + organic pollutants — intermediates — CO, + HyO
+ inorganic ions). Studies observe that N-doped biochar can be used as an active catalyst
and electron mediator and support material, which explains its wide application in the
remediation of wastewater [107,108]. Table 3 summarizes the previous work using N-doped
biochar catalysts to activate PDS/PMS to degrade organic pollutants [107].

Table 3. Summary of N-doped biochar catalysts for persulfate (PDS/PMS) activation in the degrada-
tion of organic pollutants, including biomass precursors, oxidants, catalyst types, reaction conditions,
removal efficiencies, and corresponding references.

Operational Removal
Conditions Efficiency (%)

Catalyst =0.1 g/L,
T=25°C,pH=7,
PMS =1mM,
TC=20mg/L

Catalyst = 200 mg/L,
Straw PDS N-BC Tetracycline T=25°C,PDS =2mM, 100 [109]
TC=20mg/L

Catalyst=1.0g/L,
T=25°C,pH=7,
PDS =1mM,

SD =10 uM

Catalyst = 100 mg/L,
T=25°C,

PMS =2 mM,

AO7 =50mg/L

Catalyst=0.4g/L,
T=25°C,pH=7,
PMS=04g/L,
TC =20mg/L

Catalyst =0.5g/L,
T=25°C,pH =6.28,
BPA =10 mg/L,
PMS =2 mM

Catalyst=1.0g/L,
pH=31,

PDS = 600 mg/L,
SD =20 mg/L

Catalyst=1.8 g/L,
T=25°C,pH=538,
PDS =9.1 mM,

SD =36.3 uM

Catalyst =03 g/L,
T=25°C,

PMS =0.4g/L,
MB =50 mg/L

Biomass Oxidant Catalysts Pollutant Reference

Raw silk PMS PGBF-N-900 Tetracycline 96.5 [74]

Corncob PDS NBC3 Sulfadiazine 96.5 [110]

Rice straw PMS NRSBC800 Acid orange 7 100 [111]

Candida utilis PMS NCS-6 Bisphenol A 100 [112]

Sawdust PMS N-C-d-4-800  Bisphenol A 100 [113]

Sludge PDS NSBC-700 Sulfadiazine 97 [114]

Sorghum stalk PDS SG650 Sulfadiazine 94.4 [115]

Sludge PMS NC-700 Methylene blue 93.2 [116]
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Table 3. Cont.
. . Operational Removal
Biomass Oxidant Catalysts Pollutant Conditions Efficiency (%) Reference
Catalyst =0.1 g/L,
, . T =25°C, pH = 3-4,
Wood residue PMS NC800-20 Acid orange 7 AO7 =10 mg/L, 100 [117]
AQ7: PMS ratio = 1:50
Catalyst =02 g/L,
Pinewood PMS NKBC800 Ciprofloxacin T=25°C, 87 [118]
P PMS =3 mg/L,
CIP = 50 mg/L
Catalyst = 0.25 g/L,
. T=25°C,PH=64+0.1,
Lotus leaf PDS LLC800 Acid orange 7 PDS=4g/L, 99.46 [119]
AO7 =200 mg/L
Catalyst=0.5g/L,
Spirulina T=25°C,
rosidue PDS SDBC900 Sulfamethoxazole PDS = 6 mM, 100 [112]
SMX =20mg/L
AO7, TC, SD, SMX, BPA, MB, CIP, PMS, and PDS represent Acid Orange 7, Tetracycline, Sulfadiazine, Sulfamethoxa-
zole, Bisphenol A, Methylene Blue, Ciprofloxacin, Peroxymonosulfate, and Peroxydisulfate (Persulfate), respectively.
S-doped biochar is also significant since sulfur-containing groups like thiophene-S,
sulfoxide, and sulfide functionalities have the potential to modify electron density and
generate more redox-active centers. Catalytic oxidation of antibiotics and dyes can be
enhanced by functionalizing sulfur, which also tends to increase affinity towards soft
metal ions [120]. Simultaneously, P-doped biochar has been of interest due to the ability
of phosphorus to induce structural distortion, add oxygen/phosphorus-based functional
groups, and enhance surface acidity and coordination behavior. The incorporation of P can
positively influence active-site chemistry and adsorption—catalysis interaction in catalytic
wastewater treatment [121]. Table 4 shows emerging materials of modified nitrogen-
doped biochar (NBC) materials as persulfate-based advanced oxidation process (PS-AOP)
heterogeneous catalysts [107].
Table 4. List of modified nitrogen-doped biochar materials as catalysts for persulfate-based advanced
oxidation processes.
. . Operational Removal
Biomass Oxidant Catalysts Pollutant Conditions Efficiency (%) Reference
Catalyst =2.0g/L,
Sulfamethoxazole T=25°C,pH=5.0,
Sludge PDS SDBC SMX = 40 1M, 94.6 [122]
PDS = 1.5 mM
Catalyst = 0.2g/L,
Rice straw PMS MNBC800 Metolachlor MET =10 mg/L, 100 [123]
PMS =0.5mM
Catalyst =1 g/L,
Perfluorooctanoic T=60°C,pH=64,
Sludge PMS ISBC acid PFOA =2 mg/L, 99.9 [124]
PMS =10 mM
S OeTL
Maize straw PDS ;ci)(-)(:l(:gfd Norfloxacin SMX = 0.08 mM, 96.45 [125]

PMS = 10 mmol
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Table 4. Cont.

Biomass

Oxidant

Operational Removal

Conditions Efficiency (%) Reference

Catalysts Pollutant

Melamine

PDS

Catalyst=0.8 g/L,
ACO850- T=30°C, pH = 5.0,
20N20S Methyl orange MO =200 mg/L,

PDS=12g/L

99 [126]

Banyan

PMS

Catalyst=0.75g/L,
T=25°C,pH=>574,
MNZ =0.01 g/L,
PMS =2 mM

Fe-Ce@N-BC Metronidazole 97.5 [127]

Wood
chip

PDS

Catalyst=0.5g/L,
T=25°C, pH=65,
MNZ =20 mg/L,
PDS=1mM

KMBC Metronidazole 98.4 [128]

Sawdust

PMS

Catalyst =0.1 g/L,
T =25°C, pH =6.76,
BPA =0.01 g/L,
PMS = 0.5 mM

Fe-N-C-BPA Bisphenol A 97 [129]

Wheat
straw

PDS

Catalyst =02 g/L,
Fe-N-BC Acid orange 7 pH=3,PDS=1mM 100 [130]
AO7 =20mg/L,

Rice husk

PMS

Catalyst=0.4 g/L,
Fe;0,@NCNTs- T=25°C,Ph=7.0,
BC800 Sulfamethoxazole SMX = 0.01 g/L,

PMS = 0.6 mM

98.2 [131]

Camphor
sulfonic

PDS

Catalyst=0.2g/L,
pH =5,

SMX =20mg/L,
PDS = 0.4 mM

NSC-750 Sulfamethoxazole 96 [132]

Sludge

PDS

Catalyst =02 g/L,
pH =2.17,

TC =100 mg/L,
PDS =42 mM

MS-800 Tetracycline 82.24 [133]

Maso
bamboo

PMS

Catalyst =3 mg/L,
NSBC-500 Antibiotic antibiotic = 20 mg/L, 70.97 [134]
PMS =5 mM

Glucose

PDS

Catalyst = 200
mg/L, pH=5,
TC=20mg/L,
PDS =2 mM

N-Cu-biochar Tetracycline 100 [135]

MNZ, AO7, TC, SD, SMX, BPA, MO, PMS, and PDS represent Metronidazole, Acid Orange 7, Tetracycline,
Sulfadiazine, Sulfamethoxazole, Bisphenol A, Methylene Orange, Peroxymonosulfate, and Peroxydisulfate
(Persulfate), respectively.

4.4. Magnetic Biochar Composites

Magnetic biochar composite is an important type of advanced material that is able to
overcome one of the most significant shortcomings of traditional biochar systems: chal-
lenging separation and recovery in aqueous systems. These composites are prepared by
incorporating magnetic nanoparticles, most often magnetite (Fe3Oy), in the biochar matrix
via co-precipitation, impregnation pyrolysis, or hydrothermal treatment. The resulting
products incorporate the adsorption properties and surface functionality of biochar and
the magnetic responsiveness of Fe3Oy4 such that they can be used effectively as catalysts
in wastewater treatment [136]. Fe3O4 nanoparticles are structurally well-dispersed in the
porous biochar structure, avoiding aggregation and facilitating access to reactive sites. A

https:/ /doi.org/10.3390/catal16060538


https://doi.org/10.3390/catal16060538

Catalysts 2026, 16, 538

17 of 44

combination of Fe3O4 and biochar also enhances the stability of the magnetic phase, which
inhibits the leaching of metals and maintains catalytic activity in repeated cycles [137].

The active sites of biochar are provided by the Fe304 nanoparticles, and synergistic
effects are obtained by combination of these active sites to increase the catalytic activity.
Fe;04 provides redox active sites capable of engaging Fenton-like reactions and activating
oxidants like PDS and hydrogen peroxide, and the biochar matrix promotes pollutant
binding and electron transfer. The dual capability greatly enhances the degradation of
organic contaminants, as well as heavy metals [136,138].

Recovery and Reuse Advantages

Easy recovery and reuse is one of the greatest benefits of magnetic biochar composites,
as it is an important issue in the practice of wastewater treatment. A magnetic biochar
can be easily and quickly harvested with an external magnetic field, unlike traditional
powdered biochar, which needs filtration or centrifugation to separate. This characteristic
helps to reduce the amount of waste, make the operations easier, and avoid secondary
pollution related to the adsorbents left in treated water [136]. The magnetic separation
property also allows the catalyst to be reused with high efficiency, and this increases
economic viability and sustainability. It has been shown that Fe3O4-modified biochar is
able to maintain a considerable amount of catalytic activity across several cycles, but certain
deterioration can be observed because of surface contamination or active-site loss [139].
Moreover, chemical washing or thermal treatment is also a regeneration method that can
further prolong the life of magnetic biochar catalysts.

Practically, high catalytic activity, ease of recovery, and reusability allow magnetic
biochar to be of special interest in a large-scale wastewater treatment setup. Furthermore,
the incorporation of magnetic properties with catalytic capabilities corresponds to the prin-
ciples of sustainable process design when the recyclability of materials and the simplicity of
operability are crucial aspects [139]. Fe304-based magnetic biochar materials are an impor-
tant step forward in designing biochar-based catalysts, with higher catalytic performance
and feasible recovery and reuse benefits. These characteristics make magnetic biochar a
potential candidate for scalable and sustainable wastewater treatment technologies.

4.5. Hybrid and Multi-Component Systems

The concept of hybrid and multi-component biochar-based catalysts is a more advanced
approach to address the drawbacks associated with a single-component system by incor-
porating several functional materials within a single structure. These systems are used in
combination with biochar and metals, metal oxides, semiconductors, or other carbonaceous
substances to greatly improve catalytic performance in wastewater treatment processes.

4.5.1. Synergistic Effects in Hybrid Systems

The main benefit of the hybrid biochar systems is that they can create synergistic
effects between various parts so that the overall effect is greater than the sum of the parts.
With such systems, biochar can be used as a conductive support and adsorption surface,
and the materials that are incorporated act as active catalytic sites. This synergy enhances
the efficiency of pollutant removal by increasing the adsorption, electron transfer, and
oxidant activation processes [50]. Indicatively, in biochar-metal oxide composites, biochar
helps to disperse nanoparticles and avoid aggregation and, therefore, make more active
sites available. At the same time, the metal or semiconductor material catalyzes the reaction,
whereas the biochar increases the interfacial interactions and mobility of electrons. This
synergistic process leads to enhanced kinetics of degradation and expanded usability in
different pollutant types. In addition, hybrid systems have the capability to incorporate
various functionalities, such as adsorption, catalytic oxidation, and photocatalysis, into the
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same material. This multifunctionality is especially beneficial when complex wastewater
matrices are treated, and a variety of contaminants must be eliminated through either
combined or sequential processes. It has been demonstrated that hybrid biochar systems can
be much more efficient, stable, and adaptable to changes in the environmental conditions
compared to single-component catalysts [140].

4.5.2. Coupled Catalytic Pathways

The other significant characteristic of hybrid biochar-based catalysts is that they have
coupled catalytic pathways in which two or more reaction pathways can be run in parallel
to improve the degradation of pollutants. These routes can be comprised of adsorption—
oxidation, photocatalysis—AOP synergies, or radical-non-radical pathways. Hybrid cat-
alysts may be used in the presence of radical (¢OH, SO ™) and non-radical pathways
(e.g., singlet oxygen and direct electron transfer), resulting in high degradation efficiency
and selectivity. However, the coupled mechanisms also come with difficulties in gaining
comprehensive insights into reaction pathways and catalyst design optimization [141].

In photocatalytic systems, hybridization may provide access to photo-assisted catalytic
oxidation, in which light-generated charge carriers react with chemical oxidants to increase
the rate of degradation of pollutants [12]. In the same manner, biochar-based hybrid mate-
rials have been effectively incorporated into electrochemical systems, in which adsorption
and electro-oxidation reactions are complementary, to improve treatment efficacy. These
two processes not only enhance the efficiency of degradation but also decrease the energy
use and potential secondary pollution. These systems have a high efficiency, flexibility,
and robustness to handle complex wastewater streams by enlisting the strengths of the
synergistic effects and coupled catalytic pathways [142].

5. Mechanisms of Pollutant Degradation and Catalytic Activity
5.1. Radical Pathways

Radical pathways are also one of the most significant ways of pollutant degradation
in biochar-based catalytic systems, especially in the cases of PDS- and H,O,-based AOPs.
Hydroxyl radicals (¢OH) and sulfate radicals (SO4e ) are the predominant radical species,
which have high redox potentials and rapid reaction rates with a wide variety of organic
pollutants [143]. Nevertheless, their formation is not solely controlled by the addition of
the oxidant. It is highly regulated by the density of defects, the presence of persistent free
radicals, and the metal functionalities on the biochar matrix. Recent reviews highlight
that radical generation within biochar systems is essentially an interfacial reaction where
oxygen-containing groups and loaded metal species collaborate to break peroxide or PDS
bonds and begin chain oxidation reactions [22,144].

Mechanistically, the most common way of generating eOH is associated with Fenton-
like activation of HyO, or secondary reduction of sulfate radicals in aqueous solution.
SO42~ generation is most commonly linked with activation of PDS or PMS. Redox cycling
of the metal-modified biochar increases the rate of oxidant consumption and maintains a
radical flow [78]. Radical generation is also possible in metal-free biochar, using electron-
rich aromatic domains, persistent free radicals, and edge defects, which contribute electrons
to PDS. Notably, radical paths can be commonly preferred in systems that contain plenty of
oxygenated groups and active sites. However, the identical radicals can be aggressively
suppressed by natural organic matter, bicarbonate, chloride, and other elements found in
actual wastewater [144].

Radical-accelerated degradation of biochar systems often follows pseudo-first-order
mechanisms, although these simplistic models may hide the mechanistic complexity. The
apparent rate constant is dependent on intrinsic oxidizing strength, adsorption enrichment,
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dosage of oxidant, radical scavenging, pH, and active-site regeneration rate. Recent kinetic
studies demonstrate that the catalyst properties, including pyrolysis temperature, surface
area, defect abundance, and heteroatom doping, can clearly modify the observed rate
constant by changing the balance between radical generation and radical loss. Thus,
reaction kinetics in biochar-based oxidation systems can be viewed as the overall result
of mass transfer, interfacial electron transfer, and competitive quenching of the oxidant
reactivity [145,146].

5.2. Non-Radical Pathways

Over the last few years, it has been shown that non-radical mechanisms complement
many biochar-based catalytic systems, especially in realistic wastewater scenarios where
radical scavenging is prominent. The non-radical processes are more selective, stable, and
less sensitive to water matrix components, unlike the radical pathways, which require the
presence of highly reactive and non-selective species, making them highly attractive for
practical applications [147].

5.2.1. Singlet Oxygen (O,) Pathway

Singlet oxygen (10,) is also a non-radical species commonly found to be a major
reactive species in biochar-based catalytic systems. Compared to ¢OH and SO4~, 10, is
less reactive but more selective, allowing specific organic pollutants to be degraded while
avoiding unwanted side reactions. Emerging research shows that biochar can be used
to generate 'O, by the reaction of surface functional groups and defects with activated
oxidants like PMS [148]. The mechanistic explanation of 10, formation is commonly
linked to the electron-rich structures, heteroatom doping, and defect sites in biochar,
which facilitates the energy transfer processes but not the direct cleavage of the bond.
Experimental evidence indicates that, in most doped biochar systems, especially N-doped
materials, 'O, is the dominant reactive species, contributing significantly to pollutant
degradation [149].

5.2.2. Electron Transfer Mechanisms

Direct electron transfer (ET), or a mediated electron transfer process, is the other
important non-radical step in biochar-based catalysis. Here, biochar is an electron shuttle
that transfers electrons between pollutants and oxidants without the formation of free radi-
cals [150]. Contemporary research revealed that in highly graphitized or heteroatom-doped
biochar systems, the electron transfer pathways can be dominant since the conductivity and
electron mobility are improved due to the higher charge transport. Under these systems,
the pollutants are oxidized directly at the surface of catalysts, leading to an enhanced
selectivity and a reduced number of secondary toxic intermediates [151]. Moreover, new
catalyst designs, including single-atom or doped biochar catalysts, have been shown to
support mediated electron transfer (MET) pathways and thus allow continuous catalytic
cycles with minimal reliance on radical generation [152].

5.3. Role of Biochar Surface Chemistry

The surface chemistry of biochar essentially controls its catalytic performance in the
treatment of wastewater by determining the nature, density, and reactivity of the active
sites. Biochar has a heterogeneous surface with functional groups and disordered carbon
domains in contrast to the conventional catalysts, which have a well-defined crystalline
structure. These properties regulate oxidant activation, electron transfer, and reactions
of pollutants with catalysts, making surface chemistry a key determinant of mechanistic
interpretation and catalyst design [153]. Surface functional groups, especially those that
have oxygen, e.g., hydroxyl (-OH), carboxyl (-COOH), carbonyl, and ether functional
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groups, are dual-purpose in catalytic systems. First, they are active sites of adsorption,
which allows them to have strong interactions with organic pollutants by hydrogen bonding,
electrostatic attraction, and 7—7 interactions. These groups are directly involved in the
process of activating oxidants, which involves the breaking of peroxide bonds (e.g., PMS,
PDS, H,O,) and the generation of reactive species [154]. Moreover, the composition of
functional groups can be modified and activated by chemical means, allowing a specific
catalytic pathway to be improved. That is why biochar-based functional materials can be
quite effective when compared to pure materials, since surface chemistry can be carefully
adjusted to either radical or non-radical processes [155,156].

5.3.1. Defects and Active Sites

In addition to functional groups, structural defects and disordered carbon domains
also play a crucial role in catalytic activity. These defects, including edge sites, vacancies,
distortions caused by heteroatoms, etc., are the high-energy active sites facilitating electron
transfer and oxidant activation [157]. Defect sites rich in electrons may drive non-radical
reactions by direct electron transfer or singlet oxygen reaction, and defect-associated
functional groups may drive radical formation. It means that catalytic behavior is not
due to isolated characteristics, but it is formed in the synergistic interaction of defects and
surface chemistry [151]. Notably, the pyrolysis temperature, feedstock composition, and
doping strategies have a very strong effect on the density and type of defects in catalyst
design [158]. In general, functional groups and defects are not independent factors, but
rather interrelated components that jointly define the catalytic pathways and efficiency,
which is a crucial basis of understanding and optimization of biochar-based catalytic
systems [35,41].

5.3.2. Structure—Activity Relationships

The catalytic performance of biochar-based materials is strongly governed by their
physicochemical characteristics and structure-activity relationships. Simultaneously, the
high specific surface area and hierarchical pore structure provide increased pollutant
diffusion and enhanced adsorption accessibility, and defect-rich carbon domains and
oxygen vacancies support electron transfer and generation of reactive oxygen species.
Increased graphitization degree generally enhances electrical conductivity and charge
mobility, thereby improving photocatalytic charge separation and oxidant activation ef-
ficiency [74]. The surface functional groups such as hydroxyl, carboxyl, carbonyl, and
nitrogen-containing groups, are important for regulating oxidant adsorption, metal coordi-
nation, and interfacial electron transfer processes. Moreover, heteroatom doping introduces
local charges and changes the catalytic selectivity, which helps to improve the non-radical
oxidation pathways and catalytic stability [134]. The rational design of biochar-based
catalysts relies on establishing structure-activity relationships. The increased surface area
may enhance the enrichment of the pollutants and exposure of active sites. However, it
may not be advantageous when access to the pore is difficult or when the surface lacks
electronically active sites [121]. In other words, there is a balance between mass transfer,
interfacial reactivity, and electronic structure that is reflected in catalytic efficiency [159,160].

Doping also changes the catalytic activity by changing charge density, distribution
of defects, and surface polarity. Dopants of nitrogen, sulfur, and phosphorus may form
electron-rich or polarized sites of carbon, which trigger the activation of PDS, the direct
transfer of electrons, and the generation of singlet oxygen. Notably, doping does not
simply bring functionality, it re-creates the electronic landscape of the carbon substrate
and it can cause the predominant process to be radical oxidation or some selective non-
radical process. That is why the performance of doped biochar can be much better than
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undoped biochar even with an equivalent surface area [121,159]. The same principle can
be applied to metal loading where catalytic activity not only relies on the identity of the
metal, but also on its dispersion, oxidation state, and reaction with the biochar matrix.
Recent studies on Fe-Mn bimetallic biochars indicate that the activity is controlled by
the speciation of metals and intermetal exchange of valences, rather than the total metal
content. Hence, the best catalysts are those where surface area and dopant chemistry
are co-optimized to generate accessible, electronically active and mechanically robust
catalytic sites [78,160]. Figure 3 illustrates the proposed mechanistic pathways involved in
biochar-based catalytic systems for wastewater remediation. The schematic illustrates the
synergistic action of pollutant adsorption, electron transfer, oxidant activation, generation
of reactive oxygen species (ROS) and photocatalytic charge separation in the degradation
of pollutants. The functional groups and heteroatom dopants and defect sites/metal active
centers on biochar surfaces promote activation of PMS/PDS and improve both radical and
non-radical oxidation pathways. Biochar also increases charge separation and electron
mobility in photocatalytic systems, reducing electron-hole recombination and boosting
the system’s efficiency. Finally, the ROS species formed help to oxidize, fragment, and
mineralize pollutants to environmentally friendly products like CO, and H,O.
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Figure 3. Mechanistic pathways of biochar-based catalytic systems for wastewater remediation.

6. Applications in Wastewater Treatment
6.1. Organic Pollutants

Biochar-based catalysts have shown great potential to eliminate organic pollutants,
especially dyes, pharmaceuticals, and pesticides, one of the most common and difficult
to eliminate contaminants in wastewater systems. Their success can be attributed to a
synergistic complex of adsorption, catalytic oxidation, and electron transfer to allow not
only concentration of the pollutant but also degradation in a single system [159].

6.1.1. Dyes

Synthetic dyes, commonly used in textile, printing, and leather production, have
complicated aromatic structures and are highly chemically stable, which means that they
cannot be easily treated through traditional methods [161]. Biochar catalysts were found to
be very effective in the degradation of dyes like methylene blue, rhodamine B and methy]l
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orange in the advanced oxidation and photocatalytic routes. The porous structure of
biochar increases the dye adsorption capacity, whereas catalytic sites facilitate the oxidative
degradation process through radical and non-radical processes [162].

6.1.2. Pharmaceuticals

Pharmaceutical substances are found in wastewater more often because of their
widespread use and their incomplete elimination in standard treatment facilities. Such
compounds are biologically active and persistent and can be hazardous, including causing
the development of antimicrobial resistance and ecological disturbance. Catalytic systems
involving biochar have been successfully used in the degradation of pharmaceuticals like
tetracycline, ciprofloxacin and diclofenac [163].

6.1.3. Pesticides

Another significant group of organic pollutants is pesticides, such as herbicides and in-
secticides, as they are widely used in agriculture and are persistent in the environment [164].
Most pesticides are highly resistant to biodegradation and may build up in water bodies.
Biochar-based catalysts have been shown to have a promising performance in degrading
pesticides, including atrazine, chlorpyrifos, and glyphosate using radical and non-radical
processes [165]. Overall, the use of biochar-based catalysts in the elimination of organic
contaminants indicates their versatility and efficiency in various types of contaminants.
Nevertheless, pollutant properties, water matrix composition, and catalyst design have a
strong effect on performance, highlighting the significance of mechanism-driven optimiza-
tion to guide practical applications [162].

6.2. Emerging Contaminants (ECs)

The use of biochar-based catalysts to remove ECs, especially antibiotics, hormones,
and per- and polyfluoroalkyl substances (PFAS), is becoming an area of interest due to their
persistent, bioactive nature and their lack of full removal by standard wastewater treatment.
Mechanistically, they can be removed by oxidative degradation, adsorption enrichment,
interfacial electron transfer, and compatibility of the surface properties of catalysts with
the structure of pollutants. This is also vital in the case of ECs since their behavior is
highly dependent on molecular functionality, aqueous matrix effects, and transformation
pathways [166].

For antibiotics, biochar-based catalytic systems have been promising as they can be
used to combine adsorption and oxidative degradation. This is beneficial in compounds
having complex aromatic and heterocyclic structures, which include tetracyclines, fluoro-
quinolones, and sulfonamides [166]. The current literature suggests that biochar modified
to have higher porosity, conductivity, and metal-assisted or doped active sites can sig-
nificantly enhance the removal of antibiotics, especially in PDS, PMS, and Fenton-like
systems [166,167].

For hormones and other endocrine-disrupting compounds, biochar catalysts are espe-
cially applicable since most of these pollutants can be active at extremely low levels and
can form toxic transformation products when they are not fully degraded. Recent findings
indicate that engineered biochar materials can be useful in the removal of compounds like
173-estradiol and bisphenol A, particularly when their catalytic properties are improved
by chemical modification or doping with heteroatoms. One such example is P-doped
cow-manure biochar activating PMS to degrade 173-estradiol, whereby enhanced catalytic
activity was observed with increased surface area, defects, and phosphorus-containing
groups [168].

For PFAS, the evidence is less available and is currently more limited towards sorption
and immobilization rather than actual catalytic degradation. Recent reviews show that
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biochar has potential to be used as an efficient PFAS retention, particularly with the long-
chain compounds, due to the effect of suitable pore size, hydrophobic interactions, and
interfacial binding effects. However, short-chain PFAS are much more challenging to
eliminate [169].

6.3. Heavy Metals and Mixed Pollutants

Biochar-based catalysts have demonstrated significant potential in the treatment of
heavy metals and mixed-pollutant systems. Unlike most organic pollutants, heavy metals
are not biodegradable nor can they be mineralized; thus, their removal requires immobiliza-
tion, reduction, complexation, ion exchange, precipitation or coupled adsorption—catalysis.
Recent reviews highlight that feedstock type, pore structure, surface functional groups,
and modification strategy play a strong role in determining the performance of biochar
towards heavy metals in multi-ion environments where competition of active sites is
important [153,170,171].

In single heavy-metal systems, biochar and catalyst-supported biochar have been
commonly reported to eliminate ions like Pb2*, Cd%*, Crb*, Cu?*, Ni?*, and As species
through a variety of concurrent mechanisms. The presence of oxygen-containing functional
groups and mineral constituents on the biochar surface facilitates electrostatic attraction,
cation exchange, inner-sphere complexation and surface precipitation. But mechanistically,
removal efficiency cannot be simply considered as a factor of adsorption capacity. The
oxidation state of the metal, pH of the solution, ionic strength, and coexisting ions will
tend to dictate whether the predominating route is complexation, precipitation or selective
binding. This is the reason why modified biochars often perform better than pristine
materials, not necessarily due to their ability to adsorb better but because they form
chemically differentiated active sites with increased affinity or redox specificity to their
targets [171].

Mixed-pollutant systems are more difficult to treat due to the presence of dyes, antibi-
otics, phenolics, or other organic contaminants, alongside heavy metals. Removal behavior
in such systems is regulated by competitive, bridging and synergistic interactions and not
by isolated mechanisms as in single-solute experiments. A recent study indicates that the
removal of heavy metals and organic pollutants can be achievable simultaneously through
the action of tailored biochar [170]. This can be explained as electrostatic attraction, pore
filling, complexation, competitive adsorption, and most notably by the bridging effect,
whereby adsorbed metal ions or organic ligands serve as linkers to increase the formation
of a ternary complex at the biochar surface [172]. Recent application-based research also
demonstrates that functionalized and magnetic biochars are capable of simultaneous re-
moval of heavy metals with dyes or mixed ionic contaminants and enhance recoverability
and operational feasibility [173].

6.4. Real Wastewater Systems

Although biochar-based catalysts have been shown to be effective in the laboratory,
their behavior in real wastewater systems can be more diverse and unpredictable as other
species may compete with them under varying conditions and matrix effects. Thus, it is
necessary to test these materials in real life to determine their feasibility and scalability.

6.4.1. Industrial Effluents

Industrial wastewater is rich in organic pollutants, heavy metals, dyes and toxic
chemicals, mostly in complex blends. Conventional treatment methods are not sufficient
to treat effluents in the textile, pharmaceutical, and chemical industries, whereas biochar-
based catalysts have demonstrated promising results. The literature on textile wastewater
reveals that biochar-based catalysts could be useful in degrading dyes and cutting chemical
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oxygen demand (COD) by adsorbing and oxidizing in a mixed adsorption—oxidation
system [174]. Nevertheless, the presence of salts, surfactants, and co-contaminants may
also have a strong impact on catalytic activity by occupying active sites. Analytically, the
catalytic efficiency of industrial effluents does not just depend on the intrinsic catalyst
activity but also on the interactions between the matrix, which may inhibit or facilitate
degradation routes [159].

6.4.2. Municipal Wastewater

Municipal wastewater is another challenge. This is less contaminated but more
complex with natural organic matter (NOM), nutrients, pharmaceuticals, and microbial
constituents. Catalysts made of biochar have been considered in tertiary treatment processes
of residual contaminants following biological treatment [141]. The presence of NOM has a
two-fold aspect: it can compete with target pollutants at the adsorption sites and it may also
be a radical scavenger [175]. Recent research indicates that non-radical pathways, including
singlet oxygen generation and electron transfer, may be more prevalent in municipal
wastewater because the mechanisms are less vulnerable to interference. It means that the
design of catalysts used in municipal applications should focus on selectivity and stability
but not the maximum radical production [176].

6.4.3. Performance vs. Lab-Scale Systems

There is a significant challenge regarding the correlation between laboratory-scale per-
formance and real-world application. The majority of the laboratory research involves the
use of model pollutants under controlled laboratory settings which tends to overestimate
the catalytic efficiency [177]. Conversely, real wastewater systems add variables like pH
changes, competing ions (e.g., CI-HCO3-), turbidity, and complicated mixtures of pollu-
tants, which can considerably slow degradation. Furthermore, the stability of the catalysts,
their reusability, and possible leaching are even more important under real-life conditions.
Fouling, passivation of surfaces, or structural degradation may occur during long-term
operation and are not often represented in short-term laboratory experiments [178]. Overall,
biochar-based catalysts have high potential in wastewater treatment, but to transfer the
success of the laboratory studies to practice, it is important to learn more about the effects
of the matrix, the long-term stability, and the system combination. These issues must
be considered to come up with scalable and reliable wastewater management catalytic
technologies that are sustainable.

Although promising catalytic efficiencies have been reported for many biochar-based
systems, it is difficult to compare the results directly between different studies, as the
conditions of the experiments and the types of oxidants, catalyst loadings, pollutant concen-
trations, water chemistry, and irradiation conditions are different. Many studies make only
claims for pollutant removal efficiency without substantiation by mineralization analysis,
identification of reactive species, or characterization of intermediate products. Further-
more, most existing studies are carried out in simplified laboratory matrices instead of real
wastewater systems with the presence of competitor ions and natural organic matter [123].
These limitations show the strong need for standard testing procedures and more realistic
tests in application conditions to be able to assess the performance and scalability of the
catalysts in real applications.

7. Performance Evaluation and Comparison
7.1. Key Performance Metrics

The analysis of biochar-based catalytic systems in wastewater treatment demands a
multi-dimensional assessment system because no single measure can be used to encom-
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pass the performance of catalysts. The important performance indicators are usually the
removal efficiency, degree of mineralization and reaction kinetics, which represent various
dimensions of the treatment efficacy [179].

7.1.1. Removal Efficiency

The most widely reported measure is removal efficiency, which is the percentage
decrease in the desired concentration of a pollutant over time. Although it is a simple
means of measuring the effectiveness of the treatment, it does not differentiate between
adsorption, transformation, or absolute degradation. In biochar-based systems, a high
removal efficiency can be indicative of the synergistic adsorption and catalysis processes,
especially during the initial stages of treatment [180]. Analytically, removal efficiency must
be viewed in conjunction with mechanistic data (e.g., radical quenching, identification of
intermediates) to judge whether the disappearance of the pollutant is indicative of actual
catalytic degradation or whether it is simply the transfer of the pollutant. Pollutant removal
alone does not necessarily indicate catalytic degradation. Mineralization efficiency, ROS
generation, intermediate identification, and catalytic cycling are necessary indicators of
catalytic activity [91]. Heavy metal removal in some systems occurs primarily through
adsorption, surface complexation, or reduction rather than catalytic oxidation.

7.1.2. Mineralization (TOC Reduction)

To overcome the shortcomings of removal efficiency, a more stringent catalytic perfor-
mance indicator is mineralization, usually given as the reduction in total organic carbon
(TOC). The TOC analysis measures how much organic pollutants have been transformed
into inorganic final products like CO, and H,O, thus giving clues on the degree of degrada-
tion [181]. A discrepancy is seen in most biochar—catalytic systems, between high removal
and comparatively lower TOC reduction. This raises a major issue: the successful removal
of pollutants does not always mean the absence of environmental hazards, as the interme-
diate products might be toxic or persistent [159]. Thus, TOC analysis plays a crucial role
to analyze the sustainability of processes and impact on the environment, particularly in
advanced oxidation systems where partial oxidation pathways are common.

7.1.3. Reaction Kinetics

Reaction kinetics give a quantitative understanding of the speed and the mechanism
of degradation of the pollutant. Pseudo-first-order kinetic models are used to model
degradation behavior in most studies and allow comparison of apparent rate constants
in different catalytic systems [182]. Nevertheless, this simplistic model fails to reflect the
complexity of biochar-based catalysis, where the kinetics is affected by various coupled
mechanisms, such as adsorption, mass transfer, oxidant activation, and reactive species
quenching. The concept of a high-performance system does not imply a system with
the highest removal rates, but one with efficient, complete and stable degradation under
realistic conditions [19].

7.2. Comparison to Other Catalysts

In order to systematically assesses the performance of biochar-based catalysts, the
performance needs to be compared with that of conventional materials, such as activated
carbon, pure semiconductor or metal-based photocatalysts. These comparisons provide
an understanding of the distinct benefits and drawbacks of biochar systems regarding
catalytic performance, cost, sustainability, and usefulness.
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7.2.1. Activated Carbon

Activated carbon (AC) has been considered as a standard material in the treatment
of water based on its large surface area, well-developed porosity, and high adsorption
capacity [183]. Comparatively, biochar tends to have a lower surface area but provides
more functionalities, specifically catalytic activity and redox reactivity, which are otherwise
not found in conventional AC, unless chemically modified. Although AC is very useful
in eliminating pollutants through adsorption, it does not necessarily degrade pollutants,
thus creating secondary pollution problems with used adsorbents [136,184]. Conversely,
biochar catalysts may also be used to obtain adsorption-degradation coupling where
pollutants can be captured and converted. In addition, biochar manufacturing using waste
biomass has cost and sustainability benefits over the energy-demanding AC manufacturing
process [185].

7.2.2. Pure Semiconductor Photocatalysts

Semiconductor materials like TiOp, ZnO, and g-C3Ny are predominantly employed
in the photocatalytic treatment of wastewater since they are capable of forming reactive
species upon the irradiation of light. These materials have high oxidative potentials but
are usually constrained by fast recombination of electrons and holes, minimal use of
visible light and lower adsorption ability [17]. The limitation of semiconductor systems
can be effectively overcome by biochar-enhanced semiconductor systems, which increase
electron transfer and pollutant adsorption, resulting in enhanced photocatalytic efficiency.
In this regard, biochar can serve as a conductive support and adsorption platform, thereby
complementing overall performance. Nevertheless, under ideal conditions, even pure
semiconductors can be made more intrinsically photocatalytic, especially in a controlled
laboratory setting [186].

7.2.3. Metal-Based Catalysts

Catalysts made of metals, including Fe-, Mn-, Co-, and Cu-, are effective in the
activation of oxidants, such as PDS and hydrogen peroxide, because of their redox cycling
properties. Such catalysts are catalytically efficient and have fast reaction kinetics [78].
Nevertheless, they have various shortcomings such as the leaching of metals, possible
toxicity, and expensive materials, especially of the noble metals. Biochar catalysts alleviate
these concerns by the fact that they are used to support the dispersion of metal which lowers
aggregation and stabilizes metal species. This increases catalytic efficiency and reduces
leaching, as well as increasing reusability. Moreover, the biochar itself may be involved
in electron transfer processes, which is another catalytic contribution of biochar [187].
Thus, they are useful in terms of multifunctionality and versatility, especially in complex
wastewater systems where single-purpose materials tend to fail.

7.3. Stability and Reusability

The stability and reusability of biochar-based catalysts in the context of wastewater
treatment is a key factor in their practical applicability, since it defines the long-term viability,
the cost of operation, and environmental safety. Although high initial catalytic activity
has been reported by many studies, the performance tends to decrease with repeated
cycles because of catalyst deactivation and leaching, which are still significant obstacles to
real-world application [188].

7.3.1. Catalyst Deactivation

Catalyst deactivation in biochar-based systems is a complex process that depends on
surface fouling, active-site blockage, structural destruction, and surface chemistry changes.
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The build-up of reaction intermediates or byproducts on the biochar surface is one of
the main causes, and it may block the active sites and reduce mass transfer. This occurs
especially when complex wastewater matrices are involved in NOM, inorganic ions, and
competing pollutants [189]. Moreover, the structural integrity of biochar can be changed
due to long-term exposure to oxidative conditions, particularly during AOPs. The oxidation
of carbon structures can decrease the electrical conductivity and disrupt the electron transfer
processes and, thus, catalytic efficiency. Moreover, active catalytic sites may be lost due to
changes in the oxidation states of metals or aggregation of nanoparticles in metal-loaded
systems [188]. Mechanistically, deactivation is not necessarily simply a loss of activity but
indicates a dynamic change in catalyst structure and surface chemistry, which can alter the
reaction pathway with time. Thus, to assess catalyst stability, repeated-cycle tests are not
sufficient; structural and chemical characterization is needed before and after use [190]. The
key techniques used for biochar physicochemical characterizations and the corresponding
properties they reveal are shown in Figure 4.
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Figure 4. Characterizations of biochar. The figure was reproduced from Tadesse et al. [23].

7.3.2. Leaching Issues

The other important issue in biochar-based catalytic systems is the leaching of the
active components, especially in metal-loaded catalysts. During catalytic reactions, the
transition metals can dissolve in the aqueous phase, particularly when under acidic or
oxidative conditions, e.g., Fe, Min, Co, and Cu. This leads to a decrease in catalytic activity
and presents possible secondary contamination and toxicity risks [191]. To a certain extent,
biochar supports can reduce leaching by increasing the dispersion of metals in addition to
offering anchoring sites in terms of functional groups and defect structures. Nevertheless,
the power of metal-support interactions can be widely different in accordance with the
synthesis techniques and material structure. The metal species that are loosely bound are
more susceptible to leaching, especially when reused in the reaction [192]. In addition
to metals, organic components or fine particles of biochar can also be leached, adding to
turbidity and possible environmental issues. This presents the necessity of a well-developed
material design and post-treatment measures to provide structural integrity and reduce the
release of secondary pollutants [193].
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8. Sustainability and Environmental Considerations
8.1. Life Cycle Perspective

The overall analysis of biochar-based catalysts as wastewater treatment needs a life
cycle approach as not only the catalytic performance but the whole production—-application—
disposal chain. The major factors are the sustainability of feedstock, energy usage, environ-
mental consequences, and resource efficiency, which affect the viability of biochar-based
technologies on the whole [194].

8.1.1. Feedstock Sustainability

The main benefit of biochar sustainability is that it is made out of renewable and
waste biomass sources, including agricultural residues, forestry byproducts, animal ma-
nure, and sewage sludge. These feedstocks are used to help in waste valorization and
the circular economy, which reduces the disposal of waste in landfills and enhances the
recovery of resources. Furthermore, biochar obtained as biomass has the potential to be a
carbon sink, capturing carbon in a form that is not easily released and helping to mitigate
climate change [26]. The sustainability of feedstock is not universally guaranteed. The
environmental advantages are dependent upon various aspects, including feedstock supply,
transportation range, alternative applications (e.g., soil amendment or energy generation),
and possible contamination (e.g., heavy metals in sludge-based biochar). Although sludge-
derived biochar presents a valuable waste management option, it can also pose significant
risks in the form of leftover contaminants [195]. Consequently, the choice of feedstock
should take into account the availability of resources and their environmental friendliness,
instead of assuming intrinsic sustainability. In terms of the life cycle, the feedstock type
has a major impact on the material characteristics, as well as the environment impact and
scalability of biochar manufacturing systems [194].

8.1.2. Energy Consumption

Another important parameter in determining the sustainability of biochar-based cata-
lysts is the energy consumption. The common production method of biochar is pyrolysis
which needs the input of thermal energy and may also lead to the production of greenhouse
gasses depending on the energy source and efficiency of the process. Pyrolysis at high
temperatures (which is frequently employed to improve catalytic properties, e.g., surface
area, graphitization) is especially energy-consuming, casting doubt on the overall energy
balance [196]. However, recent developments in process design have enhanced the energy
efficiency of biochar production. The use of technologies like energy recovery using pyroly-
sis gases, using microwaves to facilitate pyrolysis, and combining it with renewable energy
sources can greatly decrease net energy use and environmental impact [159].

8.2. Secondary Pollution Risks

Although biochar-based catalysts have great potential in the treatment of wastewater,
their usage comes with concerns over secondary pollution risks, especially when it comes
to the risk of metal leaching and the development of toxic byproducts. The factors play
a vital role in evaluating the safety of the environment and the viability of large-scale
implementation. Active metal species (e.g., Fe, Mn, Co, Cu) leaching in metal-modified
biochar systems is among the most serious environmental issues. In catalytic reactions,
particularly in acidic or oxidative conditions, metal ions can be lost to the aqueous phase,
resulting in loss of catalytic activity and possible secondary contamination. The degree
of leaching is determined by the method of metal loading, the strength of the bonding
between the metals and biochar, the pH, and the type of oxidant [191].
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Mechanistically, the loosely attached metals are more likely to leach than those attached
firmly to the carbon structure or to functional groups. Even though biochar has the ability
to stabilize metals by forming complexes and confinements, poor preparation or high metal
content can lead to high levels of leaching during repeated cycles. Furthermore, leaching of
metals creates an environmental hazard and makes the catalytic mechanisms difficult to
interpret [79,166].

Although biochar-based systems can be effective in eradicating target pollutants, due
to incomplete oxidation, there is a possibility of the formation of intermediate products
that are more toxic or persistent than the parent compounds. It is especially applicable to
complex organic pollutants, like pharmaceuticals, dyes, and pesticides, in which several
reaction pathways may give rise a vast array of intermediates [197]. During advanced
oxidation reactions, radical and non-radical reactions might produce various transforma-
tion products which can be highly toxic. As an example, the partial oxidation of aromatic
compounds can produce quinones, aldehydes, or short-chain organic acids, some of which
might be more toxic [198]. Thus, it is not quite accurate to judge the performance of
catalysts to remove pollutants only on the basis of the effectiveness of the removal only
without the toxicity of the byproducts. Recent investigation emphasizes the significance
of toxicity tests, intermediate detection, and mineralization analysis (TOC) to make sure
that the results of treatment processes are environmentally safe. Wastewater treatment
must not only be effective, it must also be effective in terms of high removal rates and low
environmental impact [199]. The integrated conceptual framework of biochar application
for soil remediation is presented in Figure 5, showing the interaction of biomass feedstocks,
biochar preparation methods, and biochar modification methods, which affect the physico-
chemical properties of biochar. The figure also illustrates the influence of these properties
on different remediation mechanisms, such as adsorption, ion exchange, complexation,
precipitation and microbial interactions, as well as factors that are important for large-scale
and field applications.
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Figure 5. Conceptual framework linking feedstocks and preparation methods, modification strategies,
physicochemical properties, remediation mechanisms and field-scale application considerations of
biochar for soil remediation. The figure was reproduced from Zhang et al. [200].

8.3. Cost and Scalability

The broad application of biochar-based catalysts to treat wastewater requires not
just their catalytic capacity, but also their cost-effectiveness and scalability. Although
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laboratory experiments focus on the optimization of performance, real-life application
needs a reasonable equilibrium in terms of the cost of production, the performance of the
materials, and their functionality.

The relatively low cost of production of biochar is one of its main strengths, especially
when using relatively inexpensive but high-volume biomass like agricultural residues or
waste sludge. Biochar is a cheaper alternative to using conventional materials, such as AC
or noble metal catalysts, because it is processed less intensively, and the raw materials are
less expensive. However, the relationship between cost and performance is not straightfor-
ward [153]. The more advanced modification strategies, like heteroatomic doping, loading
with metals, or forming a composite, can substantially improve catalytic performance
but tend to complicate and raise production cost. The addition of transition metals or
the creation of hybrid photocatalysts could enhance the degradation performance [201].
However, these would require the use of other reagents, energy input, and processing. This
could lead to the economic benefit of biochar being reduced in case performance benefits
are realized at an unreasonable cost.

8.4. Comparative Critical Analysis

Different biochar modification strategies exhibit distinct catalytic advantages and
operational limitations depending on the target wastewater matrix and oxidation process.
Metal-loaded biochar catalysts are typically more efficient in oxidant activation due to the
ability of transition metals to promote fast redox cycles and generation of ROS, while metal
leaching and secondary contamination are significant issues for long-term applications [67].
Heteroatom-doped biochar, on the other hand, presents higher structural stability and lower
toxicity risks and introduces modifications to the electronic density and defect distribution
to create non-radical electron transfer pathways. The magnetic biochar composites also offer
some practical benefits, such as catalyst recovery and reusability, but they can potentially
also have a negative effect on the surface accessibility and pore structure if too many
magnetic nanoparticles are added to the biochar. The semiconductor-coupled biochar
systems show superior activity because of the photocatalytic activity and high absorption
of visible light, but photocorrosion and less stability with complex wastewater might affect
the long-term activity [202]. The variations suggest that there is no general best practice
for modification and that the choice of catalysts should be based on the special features
of the wastewater, operating conditions and sustainability requirements. Representative
applications, their advantages, limitations, and cost level, and the stability of biochar-based
catalytic systems for the removal of various wastewater contaminants are summarized in
Table 5.

The scaling of biochar-based catalytic systems in the laboratory to industrial scale poses
a number of technical and operational challenges. A significant problem is the transition
between batch-scale experiments and continuous-flow systems, which are commonly used
in wastewater treatment plants. In such systems, hydraulic retention time, catalyst stability,
pressure drop, and limitations of mass transfer are of major concern [203]. The other factor
that should be considered is the incorporation of biochar catalysts into the current treatment
facilities. As an example, biochar may be applied in a fixed-bed reactor, fluidized beds or
as a hybrid system in combination with a biological or membrane process. Nonetheless,
the stability of catalysts, clogging prevention, and efficient recovery are still practical
issues [204]. Also, industrial viability is based on long-term sustainability and regeneration.
The catalysts should be able to work longer and regeneration processes should be easy,
cost-efficient and without any environmental hazards. The high cost of biochar can be
neutralized with high turnover rates unless a consistent regeneration approach is put in
place [205]. In general, biochar-based catalysts can be scaled in terms of finding a trade-off
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between performance, cost, and operational practicality. Strong catalytic efficiency cannot
be effective when production and implementation costs are prohibitive. Representative
applications of biochar-based catalytic systems in real wastewater matrices, along with
associated operational challenges and treatment efficiencies, are summarized in Table 6.

Table 5. Comparative analysis of biochar-based catalysts and conventional catalysts in wastewater

treatment, highlighting advantages, limitations, and practical applicability.

S Cost - - Typical
Catalyst Type Key Advantages Key Limitations Level Stability Scalability Applications Reference
Multifunctional Organic
. ; (adsorption + catalysis), Variability in properties, _ Moderate-High High
Bl?clh az based low-cost feedstock, tunable  possible leaching (if ]I:fvé (depends on (biomass E(éllu;\ants, [11]
catalysts surface chemistry, modified), lower consistency edium modification) abundant) i,l cavy
sustainable metals
High surface area, strong - . . Adsorption of
Activated carbon adsorption capacity, Ir“lmlrief iftfllyﬁlclfi Cr?wtyiﬁ h Medium- Hich Hich organic [191]
(AC) well-established cgeneration charenges, g High & & pollutants,
energy production cost
technology dyes
Pure? duct Strong photocatalytic Charge recombination, Photocatalytic
(s;;nolcogngc ors activity, high oxidative limited visible-light response, =~ Medium Moderate Moderate degradation of  [82]
g-Czih) ! potential low adsorption capacity organics
Metal-based High catalytic efficiency, Metal leaching, toxicity Medium— AOPs (Fenton,
catalysts (Fe, Co, fast reaction kinetics, concerns, cost (especially for Hich Moderate Moderate persulfate [51]
Mn, Cu) strong oxidant activation Co), stability issues g activation)
Noble metal High catalytic activity, Verv high cost, scarcit Advanced
catalysts (Pt, Pd, high selectivity, significant €ry ugh cost, scarcity, Very High  High Low catalysis, niche [159]
deactivation, poor scalability A
Au) electron transfer applications
Metal oxides Good catalytic activity, Limited adsorption, AOPs,
(Fe;04, MnO,, etc.) relatively stable, magnetic aggregation issues, moderate ~ Medium Moderate-High Moderate adsorption— [136]
3B 2 €t recovery possible efficiency alone catalysis

Table 6. Application of biochar-based catalysts in real wastewater systems, highlighting performance,

challenges, and practical considerations under complex conditions.

Wastewater Type Pollutants Catalyst Used Process Performance Key Challenges Reference(s)
Dyes (methylene >90% dye . - .
Textile wastewater blue, azo dyes), Fe-biochar PMS activation removal, COD ?Cla%};rslalilrrluty, radical [174]
COD reduction ~70% sing
Pharmaceutical Antibiotics ~95-100% Complex matrix
(tetracycline, Co-biochar PMS activation L . S [178]
wastewater : . removal toxicity of intermediates
ciprofloxacin)
Municipal wastewater ~ Pharmaceuticals, . L ~80-90% NOM interference, low
(secondary effluent) NOM N-doped biochar PDS activation removal pollutant concentration [20]
. . . >90% metal .
Industrial mixed Heavy metals + Fe;O,-biochar Adsorption + removal, dye Co—cont'a.mmant [15,136]
effluent dyes AOP . competition
degradation
Pesticides o, ; ;
Agricultural runoff (atrazine, Mn-biochar PDS activation ~85-95% Matrix comp.lexllt.y, [195]
removal seasonal variability
glyphosate)
. Refractory . . . COD reduction ~ High organic load,
Landfill leachate organics, COD Biochar/TiO, Photocatalysis —~60-75% turbidity [179]
. Antibiotics, . . ~85-95% Biological interference,
Hospital wastewater pathogens g-C3Ny/biochar Photocatalysis removal mixed pollutants [166]

9. Challenges

Although biochar-based catalysts have advanced in wastewater treatment, there are
still a few urgent challenges to be overcome in the practice of biochar-based catalysts.
These are not independent problems but rather interrelated, which shows restrictions in
mechanistic knowledge, material design and validation in the real world [153]. One of
the main obstacles is that experimental conditions are not standardized and, therefore,
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comparing the results between the studies can be hard. The inconsistent performance
metrics are usually caused by variations in the type of feedstock, pyrolysis conditions,
dosage of catalyst, concentration of oxidants, and reaction environment [206]. As a result,
the catalytic efficiencies reported are not necessarily directly comparable. To improve
the field, it is important to establish standardized protocols to evaluate catalysts, such as
regular reporting of kinetics, mineralization, and stability, among other things [159].

The other major gap is that there are limited studies that have taken place in actual
wastewater conditions. Most of the studies are based on model pollutants in controlled
laboratory systems that are not representative of the complexity of a real wastewater
matrix. Natural organic matter, inorganic ions, and competing contaminants may cause
considerable catalytic behavior changes due to their influence on adsorption, oxidant
activation, and the availability of reactive species [159]. Consequently, catalysts previously
tested in the laboratory can be less efficient or have different mechanisms under actual
conditions [207].

The partial knowledge of the catalytic mechanisms is also a major limitation. Although
both radical and non-radical pathways have been established, their relative contributions
and interplay are still not fully resolved, especially in complex systems. Indirect evidence,
including scavenger tests, is used in many studies, and it might not be able to give a clear
insight into the mechanism. The reaction pathways and structure-mechanism relationships
should be clarified with advanced characterization methods and in situ analyses to establish
reliable ones [208].

Moreover, the stability of catalysts and long-term performance are also not discussed
sufficiently in the previous studies. Problems like surface foaming, structural deterioration
and loss of active sites can greatly decrease catalytic efficiency over time. Even though
short-term recycling tests are widely documented, they are not a good indicator of long-
term operation conditions. The risk of leaching and secondary pollution cannot be ignored,
especially in the case of metal-loaded systems, which need to be designed more effectively
and evaluated in terms of stability [191]. Lastly, the challenges of scale-up and industrial
application are a significant obstacle to practice. Reactor design, energy use, catalyst
regeneration, and their combination with the existing treatment systems are hardly ever
discussed in detail [13,209]. The application of laboratory research to the real world will be
restricted without these problems being resolved.

10. Future Perspectives

Further studies are needed on how to maximize the performance of biochar-based
systems to reach the maximum performance relative to conventional catalysts without com-
promising on their sustainability benefits. The strategy to develop biochar-based catalysts
in the treatment of wastewater needs to shift to a rational design and the integration of
systems and application-focused research, rather than empirical development. The inter-
disciplinary development of the gap between material innovation and practical application
is the way forward in the future.

10.1. Rational Catalyst Design

A key priority is the development of biologically advanced biochar catalysts in which
structural and electronic characteristics are carefully adjusted to achieve optimum catalytic
performance. The formation of defects in excess can lead to a loss of structural stability;
this is why it is necessary to strictly regulate the type and distribution of defects.

Likewise, specific functionalization allows customization of surface chemistry to prefer
a particular catalytic reaction. The adsorption behavior, electron density, and selectivity of
reactions can be controlled by preferential introduction of oxygen- or heteroatom-containing

https:/ /doi.org/10.3390/catal16060538


https://doi.org/10.3390/catal16060538

Catalysts 2026, 16, 538

33 of 44

groups. The future research needs to be aimed at finding a proper structure function
correlation that would help to design catalysts that would work in a predictable and
reproducible manner [121].

10.2. Integration with Treatment Systems

Biochar-based catalysts need to be incorporated in multi-stage and hybrid treatment
systems to make them more practical. A potential solution is the integration of catalytic
reactions with biological treatment, where biochar catalysts can be used to convert recalci-
trant compounds to more biodegradable intermediates, enhancing the overall treatment
performance. This integration has the capability to decrease energy usage and improve pro-
cess sustainability. Moreover, hybrid treatment systems with a combination of adsorption,
advanced oxidation, photocatalysis and membrane processes have great potential in man-
aging complex wastewater matrices [210]. Biochar-based materials are particularly suitable
for such systems due to their multifunctionality and adaptability. Nevertheless, system
configuration and operational parameter optimization is still a key research challenge [211].

10.3. Al/Data-Driven Catalyst Optimization

A new and promising trend is the use of artificial intelligence (Al) and data-driven
methods to catalyst design and optimization. Larger datasets can be analyzed by machine
learning models to discover the relationships between synthesis parameters, material
properties, and catalytic performance, which are related to each other to enable more
efficient and rapid discovery of optimized materials. The Al-based solutions can also be
used to optimize processes, conduct predictive modeling and forecast performance in
different environmental conditions [212]. This is a relatively new method in the context
of biochar catalysis and could greatly increase the speed of innovation and a decrease the
cost of experiments. With the help of recent developments in Al and data-based modeling,
new opportunities are emerging for rational biochar catalyst design. The physicochemical
properties, pyrolysis conditions, dopant composition, surface area, pore characteristics,
and catalytic performance can be used to train machine learning algorithms to optimize
catalysts. These methods can speed up the screening of feedstocks, heteroatom dopants,
and metal combinations and also decrease the experimental cost and time. Moreover, Al
tools can be used to connect with density functional theory (DFT) calculations to help
foresee active sites, electron transfer pathways, and structure-activity relationships in
complex catalytic systems [139]. However, the existing applications remain limited due to
lack of standardized datasets, reporting parameters, and limited transferability of models
to different wastewater matrices.

10.4. From Lab to Field Applications

One of the most important processes to improve biochar-based catalytic technologies
is the process of moving from laboratory research to pilot-scale and field work. Pilot-scale
experiments are necessary to assess the performance of catalysts under realistic conditions
such as variable loads of pollutants, complex water matrices, and long-term operation.
Such experiments can offer useful information on the scalability, durability, and operational
issues that cannot be simulated in the laboratory [213]. Moreover, regulatory aspects are
also important in evaluating the implementation feasibility. Problems like metal leaching,
byproduct toxicity, and disposal of materials should be environmentally friendly and safe.
Hence, life cycle assessment, risk analysis, and compliance analysis should be included
in future research to make sure that biochar-based catalytic systems are effective and
environmentally friendly. Biochar-based catalysis needs to be developed with integrated,
mechanism-based, and application-based approaches.
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11. Conclusions

This review offers a complete and comprehensive overview of the current developments
in biochar-based catalysts to treat wastewater in a sustainable way, including the complexity
of its mechanism and its practical prospects. Biochar has grown to be more than an adsorbent;
it is a multifunctional catalyst platform that has the ability to combine adsorption, redox, and
catalytic oxidation in a single material system. Metal-loaded, heteroatoms, magnetic, and
hybrid types of modified biochar have been shown to have improved contaminant removal
capabilities across a broad range of contaminants, such as dyes, pharmaceuticals, pesticides,
heavy metals, and emerging pollutants. Mechanistically, catalytic activity of biochar systems
can be determined by the complex interaction of radical and non-radical pathways, electron
transfer processes, and surface chemistry. Oxidant activation and pollutant degradation
are based on the functions of functional groups, defect structures, and electronic properties.
Notably, it has recently been shown that non-radical pathways, including singlet oxygen
generation and mediated electron transfer, are predominant in practice and provide better
selectivity and matrix interference resistance.

In spite of these developments, there are still a few challenges that restrict large-scale
usage. The stability of catalysts, leaching of metals, incomplete mineralization, and risks
of secondary pollution should be considered to guarantee the safety of the environment.
Furthermore, differences between laboratory and real-world performance indicate the value
of testing catalysts in complicated wastewater environments. Practically, biochar-based
catalysts have great benefits in terms of cost-effectiveness, sustainability of resources and
scalability, especially when produced using waste biomass.
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