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Progress in biochar derived adsorbents:
preparation, modification strategies, and
applications in remediation of antibiotics
from wastewater

Van Doan Nguyen,® The Anh Luu,® Guo-Ping Chang-Chien®® and
Van Giang Le (2 %2

The increasing presence of antibiotic compounds in aquatic environments has become a serious
concern due to their potential to promote antibiotic resistance and adversely affect ecosystems.
Conventional treatment methods are often insufficient for the complete removal of these pollutants. In
this context, biochar, a porous carbonaceous material derived from biomass pyrolysis, has attracted
significant attention as a promising material for the remediation of antibiotics in wastewater. This review
systematically highlights recent advances in the study of biochar, including its sources and synthesis
techniques such as pyrolysis, gasification, hydrothermal carbonization, and mild pyrolysis. It also explores
various activation and modification strategies including physical and chemical activation, electrochemical
techniques, and environmentally friendly modification approaches. Furthermore, the effects of opera-
tional parameters such as pH, temperature, duration time, biochar dosage, and pollutant concentration
on uptake performance are thoroughly examined. The underlying adsorption mechanisms such as
electrostatic interactions, ion exchange, n—n interactions, surface complexation, and capillary diffusion
are analyzed in detail. In addition, quantum chemical approaches, particularly density functional theory
(DFT), are discussed for their role in elucidating the fundamental interactions between antibiotics and
biochar materials. Finally, this review addresses current challenges, potential risks, and emerging trends
in the development of hybrid biochar materials, particularly those incorporating MOFs and MXenes for
effective antibiotic pollution control.

commonly present in both terrestrial and aquatic plants.
Among them, lignocellulosic biomass consists of three funda-

Biochar, also known as ‘“black gold”, is a solid substance
abundant in carbon fabricated via the pyrolysis of biomass
derived from sludge and agricultural and livestock wastes in
low oxygen environments." The name “biochar” refers to the
combination of the prefix “bio” representing biomass and the
suffix “char” originating from charcoal. Since the introduction
of its name, the concept has been mentioned in many research
works.” Alternatively, biomass is a general term for the collec-
tion of organic materials originating from living entities or a
mixture of related substances.’ In fact, plant-based biomass
materials are formed by the process of photosynthesis and are
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mental components: hemicellulose, lignin, and cellulose.
Owing to its low cost, renewable ability, and carbon neutrality,
this type of biomass is considered a promising option in
solving energy problems. Its origin can come from natural
materials or through intermediate effects.*

Thermal processes including incineration, pyrolysis or
hydrothermal carbonization (HTC) can be utilized to fabricate
biochar from biomass wastes such as manure, rice husk,
sawdust or leaves.” Among these techniques, pyrolysis stands
as the most commonly utilized method to fabricate biochar
under oxygen-free and high-temperature conditions.®® This
method also generates by-products such as heat energy, syngas,
liquid fuel, and wood vinegar (pyroligneous acid).>'® HTC
technology represents a new method for synthesizing carbonac-
eous materials such as biochar, which is receiving much
attention due to its environmental friendliness, reasonable
cost, and relatively simple process.'™'* During this process,
the crude material is heated at high pressure and temperature
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to create hydrochar, a carbon-rich material with high calorific
value, low moisture, and good combustion properties."***
Hydrochar can be used for many purposes such as providing
energy for gas storage,'® soil improvement,'® catalysis,"” fuel
cells” or adsorbing pollutants from water, including
antibiotics'® and heavy metals."

Biochar is a widely utilized and effective material globally for
removing pollutants from water, thanks to its porous structure
similar to activated carbon (AC). As opposed to AC, biochar is a
new, low-cost but highly efficient material. While activated
carbon requires a complex activation process and high tem-
perature, biochar is easier to produce and more energy-
efficient.” Therefore, biochar may be employed as an initial
precursor for the fabrication of AC.>° However, due to being
produced under low-energy conditions and without an activa-
tion stage, biochar usually exhibits a smaller surface area and
reduced mechanical strength compared to AC. While the
fabrication of AC requires chemical activation of the input
material along with gas activation during pyrolysis, biochar
hardly needs these steps.>

Biochar is considered an effective soil additive due to its
ability to retain nutrients and enhance soil stability, thereby
contributing to increased crop yields. In addition to its role in
agriculture, biochar also brings great benefits in environmental
remediation, especially in controlling soil pollution. Currently,
soil pollution caused by heavy metals®**® and persistent
organic pollutants (such as chlorinated furans (PCDFs), chlori-
nated biphenyls (PCBs), brominated flame retardants (BFRs),
and chlorinated dioxins (PCDDs))**>° is a serious global pro-
blem, directly threatening human health and ecosystems.
Contaminants persist in soil and water for extended periods
because they are not biodegradable, causing soil quality dete-
rioration and hindering agricultural activities. The treatment of
these pollutants is often very expensive and lengthy. Never-
theless, biochar can stabilize pollutants through enhanced
removal mechanisms (including electrostatic attraction, coor-
dination, and surface complexation) and chemical precipita-
tion (arising from the increase in soil pH as well as the addition
of carbonate ash and phosphate ash).>’>° Physicochemical
attributes of biochar therefore effectively enable the remedia-
tion of metal species and antibiotic contaminants in soil,
helping to reduce their mobility and potential for harm.***
Thus, the utilization of biochar not only contributes to soil
quality restoration but is also a sustainable solution to mini-
mize the environmental impact caused by soil pollution.

To address the pressing need for water conservation
under global environmental strain, biochar is being used
as a water purifier in various agricultural and industrial
applications.”***® The quality of aquatic ecosystems is
continuously declining due to a growing array of pollu-
tants stemming from human activities.*”® These include
common contaminants like pesticides, heavy metals, patho-
gens, antibiotics, dyes, pharmaceuticals, and personal care
products.’”***?> Notably, antibiotics are frequently found in
aquatic environments at comparatively high levels,*>** making
their pollution a widespread global environmental concern.*’
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Water and wastewater systems can be contaminated with
antibiotics from various natural and human-related sources
including medical waste, urine and feces from humans, and
animals treated with antibiotics, and runoff from livestock
farms.’®"” The primary sources include hospital waste, phar-
maceutical manufacturing facilities, livestock farms using anti-
biotics as growth promoters, and inadequately treated
municipal wastewater.*® Measured concentrations of these
antibiotics in the environment often exceed safe limits, posing
a risk of drug resistance and affecting the ecosystem.*® For
example, antibiotic concentrations in some polluted water
sources can reach extremely high levels. A study in India
detected ciprofloxacin (CIP) concentrations in streams near
pharmaceutical factories as high as 296 mg L%, over 1500
times the recommended safety limit."* In Pakistan, CIP levels
in wastewater reached 331.15 mg L™ " while hospital wastewater
in Egypt contained amoxicillin, ampicillin, and dicloxacillin
at concentrations of 99.04, 70.06, and 119.24 mg L,
respectively.’® In Vietnam, sulfamethoxazole (SMX) levels in
the To Lich, Lu, and Kim Nguu rivers were measured at 0.585,
1.09, and 0.535 mg L, respectively.>’ The persistent presence
of these antibiotics in aquatic environments promotes the
emergence of antibiotic-resistant bacterial strains, posing ser-
ious risks to ecosystems and human health.**

As depicted in Fig. 1, multiple approaches can be employed
to eliminate antibiotics from water, like solvent extraction,
chemical precipitation, membrane filtration, ion exchange,
sedimentation, coagulation, and both electrochemical and
genetic approaches.’*® Among these, adsorption using nat-
ural and eco-friendly materials stands out as a promising
solution owing to its user-friendliness, low expense, high
performance, and environmental sustainability.>’>° Tradi-
tional approaches like coagulation and sedimentation are
inexpensive and straightforward to implement, yet they typi-
cally offer low removal efficiency and pose significant chal-
lenges in managing the generated sludge. In contrast, advanced
oxidation processes can break down pollutants that resist
conventional treatment methods. However, they demand sub-
stantial chemical inputs, leading to higher operational costs
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Fig. 1 Multiple techniques for the treatment of antibiotics.
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Fig. 2 Number of articles published from 2011 to 2024 with the keywords
“Antibiotic + Removal”, “Antibiotic + Adsorption” and “Antibiotic + Bio-
char” on the Web of Science.

and the risk of secondary pollution. Techniques such as elec-
trodialysis, ion exchange, and membrane separation tend to
achieve high selectivity and efficiency, but their reliance on
complex equipment and high energy consumption makes them
costly solutions. Unlike many complicated approaches, adsorp-
tion is a straightforward method that relies on physical or
chemical interactions to capture pollutants on the surface of
an adsorbent, offering both high removal efficiency and envir-
onmental compatibility.®*®> From a cost perspective, adsorp-
tion remains a much more economical option, with expenses
under $200 per million liters of treated water and considerably
lower than methods like electrodialysis or ion exchange, which
can cost up to $450.°> Consequently, adsorption continues to
be regarded as a promising approach for eliminating antibio-
tics from aqueous environments. The global research trend
related to biochar, adsorption and treatment of antibiotics in
aquatic environments is also increasing markedly over the
years, as shown in Fig. 2.

In the context of increasing environmental pressures and
the accumulation of organic pollutants including antibiotics,
biochar has emerged as an environmentally friendly and cost-
effective material. However, most current research remains
primarily focused on heavy metal treatment,®**® while the
application of biochar for elimination of antibiotics, a group
of highly toxic pollutants with significant potential to induce
antimicrobial resistance, has not yet been fully explored.
Furthermore, biochar is not only enhanced by traditional
chemical modification methods but is also being studied for
performance improvement through advanced techniques such
as electrochemical modification,®”*® plasma treatment,®® or
integration with novel nanomaterials like MXenes and MOFs.
These approaches significantly increase the material’s removal
capacity and selectivity toward challenging organic pollutants,
including antibiotics. In addition to experimental studies,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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recent years have seen a growing trend in utilizing computa-
tional models, such as density functional theory (DFT), to
elucidate adsorption mechanisms on biochar at the atomic
level. This approach generates novel insights into the nature of
interactions between biochar and pollutants, including anti-
biotics, which are challenging to observe through conventional
experimental methods.

Unlike many reviews that focus solely on material aspects
such as biomass origin, synthesis methods, and conventional
biochar modification, this paper offers a more integrated
perspective by connecting material development with practical
insights into pollutant adsorption. Beyond detailing feedstocks
and fabrication methods like pyrolysis and HTC, it highlights
advanced surface engineering strategies including nanomater-
ial incorporation and novel activation techniques that enhance
adsorption performance. A key feature of this work is its
focused analysis of the elimination of antibiotics from waste-
water, supported not only by experimental evidence but also by
computational modeling. Specifically, density functional theory
(DFT) is employed to elucidate adsorption mechanisms at the
atomic level, offering insights into interactions that conven-
tional methods often overlook. This comprehensive approach
bridges material innovation with real-world applications, con-
tributing to the development of next-generation, sustainable
water purification technologies.

2. Biochar: precursors, preparation
approaches, and structural features

Biochar is a carbon-dense substance that typically makes up 60
to 90% of the material’s composition.®® It could also comprise
elements like oxygen, inorganic ash, and hydrogen, which
depends on the biomass source.”” Producing biochar is seen
as more environmentally sustainable than burning coal, as
biomass is naturally carbon neutral. Its surface area is generally
large, often surpassing 100 m> g~ ', which is effected by both
the synthesis conditions and crude materials.”' This property
makes biochar useful in various non-fuel applications, includ-
ing chemical adsorption’? for water purification and long-term
carbon storage.”® It has also been explored and applied as a soil
amendment to enhance fertility.”

2.1. Precursors for biochar preparation

Biomass refers to an organic substance sourced from living or
once-living organisms, with the potential for regeneration and
widespread application in environmental and energy-related
fields. It may be utilized to generate electricity and heat and
produce organic fertilizers, biofuels, pharmaceuticals, chemi-
cals, and biological materials such as biochar. Virtually all types
of organic matter including bark, seed coats, agricultural
residues, and manure can be converted into biochar using
appropriate processing equipment.”*’® The original source of
biomass may come from plant, animal, or human waste,
including domestic and industrial wastewater.””””® Contingent
on the specific biomass chosen, the resulting biochar will
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exhibit different physical and chemical characteristics,
enabling the flexible application of carbon materials for various
specific purposes.

Biomass feedstocks are commonly categorized into two
main types: non-woody and woody biomass.”® The study con-
ducted by Shrivastava et al. focused on rubberwood sawdust
(RWS) as a representative of woody biomass and oil palm
fronds (OPF) as a representative of non-woody biomass.*® The
initial assessment of these materials covering moisture con-
tent, fixed carbon, volatile matter, and ash shows that woody
biomass typically contains 75.97% volatile matter, 15.22% fixed
carbon, 7.14% moisture, and 1.69% ash (by weight), while the
corresponding values for non-woody biomass are 72.31, 15.68,
6.44, and 5.34%, respectively. Similarly, ultimate analysis
reveals that woody biomass comprises approximately 47.65%
carbon, 6.12% hydrogen, 0.33% nitrogen, 45.90% oxygen, and
0.03% sulfur compared to 44.96, 5.79, 0.41, 48.72, and 0.07% in
non-woody biomass. Woody biomass mainly originates from
forest residues and wood processing waste, which is character-
ized by minimal moisture and ash content while demonstrating
elevated energy content, significant mass per unit volume, and
limited pore space.”® Conversely, non-woody biomass sources
such as farm residues, bioenergy crops, animal manure, and
household refuse or industrial solid waste typically have higher
moisture and ash content, lower heating values, lower bulk
densities, and greater porosity.”® These significant differences
underscore the importance of selecting appropriate raw mate-
rials when producing biochar for specific environmental
applications.

Biomass includes living or previously living organic
matter, which is a versatile renewable resource with applica-
tions in environmental and energy sectors such as heat or
electricity generation. It also serves as a raw material for
producing organic fertilizers, biofuels, chemicals, pharmaceu-
ticals, and biomaterials like biochar. The characteristics of
biochar-based materials vary depending on the precursor,
enabling tailored use of carbonaceous materials for specific
purposes. This primary resource can originate from plant,
animal, or human waste, including sewage sludge, food wastes,
forestry waste (e.g., wood chips), farm waste (e.g., animal
manure), and industrial byproducts.””””® Nearly any organic
material such as seed coats, bark, crop residues, or manure
can be converted into biochar using suitable processing
methods.”*®' Fig. 3 lists the most common feedstocks for
biochar fabrication, which range from plant matter to indus-
trial byproducts.

In recent years, various raw materials including animal
tissue, algae, manure, and food waste have been explored for
the generation of biochar.**®* These investigations have
produced notable findings regarding both the physico-
chemical characteristics and the potential uses of the resulting
biochar. Although biochar is primarily derived from plant-
based waste, commonly referred to as cellulosic biomass such
as firewood or rice husks, not all organic-rich materials are
suitable for its synthesis. Municipal solid waste (MSW) and
wastewater, despite their high biomass content, often contain
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Fig. 3 Widely utilized raw materials for biochar synthesis.

contaminants that may decrease the performance of biochar in
soil and water remediation applications.”

2.2. Approaches to synthesizing biochar

2.2.1. Traditional pyrolysis. The pyrolysis method and its
resulting products are illustrated in Fig. 4, which highlights the
diversity of biomass precursors utilized in biochar fabrication.
Pyrolysis generally refers to the heat-driven breakdown of
biomass in an oxygen-limited environment, typically at elevated
temperatures spanning from 300 to 900 °C.** These conditions
result in the fragmentation of hemicellulose, lignin, and cellu-
lose as well as depolymerization and cross-linking reactions,
leading to the formation of biomass-derived products. Further-
more, pyrolysis produces liquid, solid, and gaseous products,
named as bio-oil, biochar, and biogas, respectively. The physi-
cochemical properties and yields of these products may vary
depending on the type of pyrolysis applied. Based on the

Agricultural
waste
» Food wastes ‘ [
\ g o
Forestry
waste

Wood chips

Fig. 4 Schematic diagram of biochar fabrication from multiple biomass
sources through pyrolysis.
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heating rate and residence duration, pyrolysis could be classi-
fied into two fundamental modes like fast and slow pyrolysis.
Fast pyrolysis is primarily employed to produce high concen-
trations of liquid products (such as biofuels) with superior
physicochemical properties including lower volatile organic
compound (VOC) concentration and a higher content of long-
chain hydrocarbons.®® It usually requires brief residence times
of below 10 seconds and rapid heating rates of above 200 °C
min~"."> Nonetheless, fast pyrolysis typically produces biochar
with reduced yields and smaller surface areas, which may be
due to tar-like substances becoming lodged within the pores.®”
In addition, fast pyrolysis tends to produce biochar with
hydroxyl and carboxylic acid groups as the dominant functional
groups, whereas slow pyrolysis generates biochar rich in aro-
matic C-H groups.®® Slow pyrolysis typically involves extended
durations for material retention during the process (more than
1 h) and lower heating rates (3-10 °C min~"). While it produces
a larger amount of biochar, it also yields gases and liquids with
lower concentrations but containing significant amounts of
VOCs, which are considered pollutants.®

High treatment temperatures during pyrolysis not only
promote transformation reactions but also generate the activa-
tion energy necessary to facilitate the generation of carbonac-
eous frameworks with a higher order degree.’® Increasing the
treatment temperature significantly enhances pore develop-
ment on the surface of biochar, a key factor in improving
specific surface area. For example, a work conducted by Lua
et al.’" revealed that enhancing the temperature of the pyrolysis
from 250 to 500 °C raised the surface area from 170 to
480 m” g~ ', This increase was attributed to the intense devel-
opment of volatiles in pistachio shells, which contributed to the
generation of a porous framework with a high pore volume of
0.469 cm® g~' at 500 °C, more than double the value of
0.192 cm® g~ " observed at 250 °C.

In general, higher processing temperatures have a more
pronounced effect on the physicochemical properties of the
resulting products. Therefore, to obtain high-efficiency and
high-quality biochar, the pyrolysis process should be conducted
within the temperature range of 400-800 °C.°>°* The changes
in the size and arrangement of carbon structures that occur
during biomass pyrolysis are key contributors to the enhance-
ment of the physicochemical parameters of the ultimate
products.®*

2.2.2. Gasification. Gasification is an advanced thermal
treatment method, typically occurring at elevated temperatures
around 800 °C in the presence of reactive gases like air and
oxygen,® where carbon-rich materials are transformed into
gaseous, liquid, and solid samples. This process involves four
fundamental stages such as pyrolysis, partial oxidation,
reduction, and drying. Among the resulting products are car-
bon monoxide, carbon dioxide, nitrogen, hydrogen, tar, ash,
and charcoal. Charcoal, which represents a solid output, typi-
cally makes up only approximately 10% of the initial precursor
weight.”>%°

While the original purpose of gasification was to enhance
energy recovery by generating large volumes of synthesis gas,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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increasing interest has recently been directed toward the char-
coal produced during the process. This carbon-rich material,
typically identified as biochar, is now recognized as a valuable
secondary product. However, balancing the dual objectives of
maximizing energy recovery and increasing biochar yield pre-
sents a technical challenge. This requires careful adjustment of
operational parameters including temperature, pressure, and
the nature of the input gas mixture.”® Additionally, the
chemical-physical profile of input feedstocks are fundamen-
tally important to the overall efficiency, as well as to both the
amount and characteristics of the resulting biochar produced
by gasification techniques.

2.2.3. Hydrothermal carbonization (HTC). Hydrothermal
carbonization (HTC) refers to a thermochemical technique
utilized to efficiently treat high-moisture biomass in an aqu-
eous environment under high temperature and pressure
conditions."” The process, also known as wet roasting, occurs
within a sealed environment at temperature ranges between
120 and 260 °C and under pressures between 2 and 10 MPa
without the need for pre-drying of the precursor.”” HTC
typically takes place over a period of 30 min to 8 h under
either autogenous or externally applied pressure and could
be employed for diverse feedstock sources such as crop
byproducts, industrial wastes, sewage sludge, and aquatic
biomass.”* '

HTC primarily produces hydrochar as its end product, a
carbon-rich form of biochar formed in the solid phase. In
addition to hydrochar, the process also produces an aqueous
phase rich in organic matter and nutrients as well as a small
mass of gas, mainly consisting of carbon dioxide.'®" Compared
to biochar obtained through other thermochemical methods,
hydrochar typically has lower fixed carbon and ash contents
along with a smaller pore volume and Sggr surface area.'®?
However, hydrochar possesses large energy density, making it a
promising fuel for applications in energy sectors.'®?

A key benefit of HTC lies in its capacity to directly process
wet biomass without the need for energy-intensive drying
stages, which are commonly required in pyrolysis or other
high-temperature technologies.'®'** This process not only
enhances carbon recovery efficiency but also improves product
quality compared to conventional technologies. In addition,
HTC helps limit the formation of toxic compounds and micro-
pollutants that often arise under the harsh conditions of
pyrolysis.'®> However, the performance of the HTC process
depends largely on the properties of the precursors, size of
particles, and residence time in the reactor. Particle sizes larger
than 2 cm or reaction times shorter than 30 minutes can reduce
the efficiency of heat and mass transfer.'® Therefore, to achieve
uniform heat distribution and optimize conversion efficiency,
careful control of particle size and feedstock homogeneity is
necessary. In the case of sludge treatment, dewatering steps
including filtration or centrifugation are also required to facil-
itate the conversion reaction. Depending on the intended end
use, hydrochar can serve as a coal substitute, a feedstock for
gasification processes, a soil amendment to enrich nutrients or
a feedstock to fabricate adsorbents and activated carbon.'®®

Mater. Adv,, 2025, 6, 8839-8876 | 8843
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The selection of appropriate feedstocks and operating condi-
tions will determine the efficiency, quality, and potential appli-
cations of the products derived from the HTC process.

2.2.4. Torrefaction. Torrefaction occurs at relatively low
temperatures (200-300 °C) under oxygen-free conditions, pri-
marily yielding biochar, a material with inferior physicochem-
ical properties compared to pyrolysis-derived products.®*"%71®
While both torrefaction and pyrolysis are thermochemical
conversion techniques that transform biomass into value-
added outputs (e.g, biooil, biogas, and biochar),”® they exhibit

distinct differences in processing parameters and end
products.
2.3. Approaches to biochar activation and functionalization

2.3.1. Physical activation. Biochar experiences both
increased pore development on its surface and chemical
property changes when subjected to physical activation (e.g.,
hydrophobicity, polarity, and surface functional groups). At
temperatures ranging from 700 to 1100 °C,'%° gas/steam
expands and develops the porous structure of carbonaceous
materials, thereby creating materials with high porosity and
large surface areas. Conversely, research findings have demon-
strated the ability of biochar activated by gas/steam to remove
heavy metals and antibiotics. Research conducted by Rong
et al™® demonstrated that biochar produced from sludge
through pyrolysis and physical activation with steam has excel-
lent SMX uptake capacity. Specifically, the specific surface area
reached 1583.07 m” g~ " after activation while the SMX adsorp-
tion capacity increased to 204.07 mg g ' in 90 min. The
maximum Cu®" adsorption efficiency (93%) was only achieved
when biochar was activated at an appropriate steam flow rate,
according to Lima and Marshall.’" In addition, Mondal
et al."* utilized biochar derived from mung bean hulls, which
is activated by superheated steam to adsorb ranitidine hydro-
chloride in a fixed-bed column. The data revealed that the
adsorption efficiency reached 99.16% at an inlet content of
100 mg L', demonstrating the effectiveness of steam-activated
biochar for the elimination of pharmaceuticals from aqueous
environments. High temperature (>500 °C) combined with
oxidants (ozone, steam, air, or C02)113 when treating biochar
will create two effects: (1) gasification of carbon atoms and (2)
expansion of the previously inaccessible pore system.''* This
activation method not only increases the biochar surface area
but also significantly adds surface oxygen functional groups,
which are considered effective adsorption centers for pollutant
treatment.""

Another uncomplicated but productive physical approach
involves the use of ball milling (Fig. 5). The procedure har-
nesses the momentum of oscillating grinding elements to
fracture chemical linkages, transform particle morphology,
and synthesize nanomaterials.'*® As a result, biochar obtained
after ball milling exhibits many superior properties, including
increased pore volume, large specific surface area (SSA), low
surface charge (negative), the presence of oxygen functional
groups, and superior adsorption capacity.’® Biochar from
bagasse after ball milling has demonstrated superior removal
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Preparation of biochar using
ball milling
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Biochar

Fig. 5 Ball milling synthesis of biochar.

of Ni** and methylene blue (MB) from water compared to
conventional biochar."’® The reason is that the ball milling
technique increases the surface area (both internal and exter-
nal) while exposing the graphitic structure and oxygen func-
tional groups on the carbon’s surface.''” Additionally, Peterson
and colleagues demonstrated that optimizing the grinding
conditions using a ball mill could increase the surface area of
corn stover biochar up to 194 m* g~*, which is 60 times larger
than that of the original material.'"*®* A notable drawback
involves the high water dispersibility of ball-milled biochar,
potentially causing environmental contamination.

2.3.2. Chemical activation

2.3.2.1. Utilization of acids, bases, and inorganic salts for
activation. Chemical treatment techniques including acid treat-
ment (HNO;, H,SO,, HCl, etc.), alkali treatment (NaOH, KOH,
etc.), oxidation (KMnO, and H,0,), metal salts (FeCl; and
MgCl,), inorganic-organic polymers (clay and chitosan),
amines, cationic surfactants (e.g., cetyltrimethylammonium
bromide), and ethylenediaminetetraacetic acid (EDTA) are uti-
lized to modify the chemical properties and surface structure of
biochar.'"®"° Depending on their chemical nature, these
agents impart distinct characteristics such as pore develop-
ment, increased surface area, enhanced cation exchange capa-
city, and the introduction of functional groups. For example,
oxidation with HNO; increases the mass of acidic functional
groups and improves hydrophilicity but may also degrade the
structure and reduce surface area.'*!

In contrast, alkaline treatment typically yields a larger sur-
face area than acid treatment.'*> KOH modifies the porous
structure, as demonstrated in a work by Han et al."** on peanut
shell-derived biochar, which achieved a BET surface area of
640.57 m> g~ ". Similarly, NaOH enhances thermal stability and
antibiotic adsorption capacity,"** while 30% H,SO, boosts
sulfadiazine adsorption efficiency.'* In oxidation treatments,
KMnO, combined with KOH increases the specific surface area
(SSA), improving tetracycline (TC) adsorption,'?® whereas H,0,
introduces oxygen-containing functional groups, enhancing
heavy metal removal."”” Additionally, the choice of decontami-
nation agents depends on factors including low decomposition

© 2025 The Author(s). Published by the Royal Society of Chemistry
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temperature, short carbonization time, or the ability to form a
mesoporous structure.'”® Common techniques are illustrated
in Fig. 6.

2.3.2.2. Plasma and electrochemical techniques. In the current
scientific climate, the issue of antibiotic contamination in
aquatic environments has become a global concern. Traditional
treatment methods often prove ineffective due to the complex
nature of antibiotic molecules. In this context, advanced
plasma and electrochemical biochar modification techniques
have emerged as promising solutions, offering significant
advantages over conventional chemical methods. Plasma treat-
ment is considered a breakthrough technology in the surface
modification of materials, particularly in the formation of
specific functional groups. Cold plasma at atmospheric pres-
sure can be applied within a short period (5-30 min), yet
induces remarkable structural transformations. The main
mechanisms include: (1) surface activation through collisions
with high-energy particles, (2) oxidation to form functional
groups including ~-COOH, -OH, and C—0O0, and (3) microstruc-
tural modification of the surface, increasing pore volume and
surface area.

A work by Zhang et al.**® employed a cold plasma system
using NH; gas to treat corn straw biochar (CS-300), demonstrat-
ing that CIP removal efficiency increased from 31.8 to 85.7%.
This improvement was attributed to the dense formation of
amine and amide groups on the biochar’s interface. These
nitrogen-containing functional groups not only enhanced the
n electron density within the conjugated system of the biochar,
thereby promoting n-n stacking interactions with the aromatic
ring of CIP but also contributed to strong ionic and hydrogen
bonding interactions at high-energy sites (above 10 k] mol™%).
Similarly, Lou et al. (2021) combined seaweed-derived biochar
(from Enteromorpha prolifera) with a dielectric barrier discharge
(DBD) plasma system."*® They discovered an enhancement in
biochar surface area from 415.84 to 486.32 m?* g~ ' after treat-
ment. The concentration of oxygen-based functional moieties
such as hydroxyl (-OH) and carboxyl groups was significantly
enhanced, which results in a tetracycline hydrochloride (TCH)
removal efficiency of 89.36% in just 5 min. This approach not
only yielded high elimination efficiency but also improved

© 2025 The Author(s). Published by the Royal Society of Chemistry

energy efficiency, reaching 6.21 ¢ kWh ™, significantly higher
than that of the plasma-only system.

Recent developments in electrochemical techniques have
also advanced the modification of adsorbent materials, parti-
cularly biochar. A notable example is the work by Benis et al.,"*'
in which an electrochemical process involving an iron anode
was used to modify biochar derived from rapeseed straw. This
method produced goethite (¢-FeOOH) coatings on the material
surface without the need for external chemical agents. The
modified biochar achieved a nearly 37-fold increase in arsenic
(As(v)) adsorption capacity (from 25 to 922 pg g~ ') under
optimized conditions such as pH 3, drying temperature 60 °C,
and 20 min of electric current application. The elimination
mechanism involved multilayer heterogeneous adsorption and
chemical bonding, with iron-containing functional groups
playing a key role in creating selective active sites. A review by
Tian et al.'®* further confirmed that electroactive functional
groups including -C=0, -COOH, -OH, and persistent free
radicals (PFRs) function as electron donors or acceptors in
redox processes. Electrochemical modification of biochar can
optimize the density of these groups, thereby enhancing its
capacity to eliminate a wide range of organic and inorganic
contaminants. In particular, activation with KOH, treatment
with HNOj;, and heteroatom doping with elements like nitrogen
and sulfur significantly improve electron transport capacity and
create selective uptake sites on the biochar surface. A compar-
ison of the two techniques reveals that each has distinct
advantages. Plasma treatment is characterized by a short
processing time (usually under one hour), the absence of toxic
chemicals, and feasibility for pilot-scale applications. Mean-
while, electrochemical techniques offer precise control over the
degree of modification via adjustable electrochemical para-
meters and the simultaneous generation of diverse functional
groups. However, both methods face challenges, including high
initial investment costs, the need for specialized equipment,
and the necessity for further research into material reusability.

2.3.2.3. Atomic doping and green chemistry. A summary of the
investigations is presented in Table 1. Biochar modified via
atomic doping has proven to be an effective strategy for
enhancing elimination performance by introducing additional
active functional groups, modifying surface charge, and

Mater. Adv,, 2025, 6, 8839-8876 | 8845
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Feedstock Dopant(s) Synthesis conditions Contaminant (efficiency) Adsorption mechanism Ref.

Coconut husk B (H3BO3)  Microwave-assisted pyrolysis, TC (413.22 mg g ') n-n EDA interaction, H-bonding, -BCO, 133
600-1000 °C, 1 h, N, atmosphere active sites

Rice straw P (H;PO,)  Pyrolysis at 600 °C, 2 h, solid- ~ SMX (148.62 mg g™ ) H-bonding (C;-P-0), electrostatic, -t EDA 134
liquid ratio 1:2, N, atmosphere

Maize straw  Fe/N (FeCl; + Pyrolysis at 700 °C, 2 h, 1-step MOR (107.5 mg g '), n-n interaction, electrostatic, surface 137

urea) mixing process CIP (85.1mgg ') complexation
Coconut shell Fe/B (FeSO, + Microwave pre-treatment 5 min + TC (107.32 mg g~ ) n-m interaction, electrostatic, H-bonding 139
NaBH,) pyrolysis at 1000 °C, 1 h, N,

atmosphere

Wood chips  Fe/Ti Co-pyrolysis at 600 °C, 2 h, N, CIP (88.4%), NOR (88.0%) n-7 interactions, polar interactions 140
atmosphere

Rice husk Cu Hydrothermal carbonization at ~ Congo red dye (437.40 mg g ') n-= interaction, electrostatic attraction, 141
180 °C, 8 h hydrogen bonding

Rape straw Fe/N Pyrolysis at 600 °C, 2 h, N, CIP (46.45 mg g™ 1), Cu** Electrostatic interaction, n-m interaction, 142
atmosphere (30.77 mg g™ ) H-bonding

Loofah waste Mn/N One-step pyrolysis with NaHCO; BPA (351 mg g~ ') Pore filling, hydrophobicity, n-m EDA 143
activation interaction

Maize straw  FeCly Pyrolysis at 500-900 °C, 2 h, N,  Extended-chain PFAS (per- and Complexation and electrostatic interactions 144
atmosphere polyfluoroalkyl substances)

(>95%)

Corn stalk N Pyrolysis at 600 °C, 1 h, N, atmo-

sphere, 5° min ™!

Tea residue S/N Carbonization at 220 °C, 6 h

biochar

increasing surface area. A representative example is boron (B)-
doped biochar synthesized through microwave pyrolysis using
H;3BO;, which achieved a surface area of 933.39 m® ¢ ' and a
TC uptake capacity of up to 413.22 mg g~ ~."*? This capacity
surpasses that of many commercial and previously studied
biochars such as straw-derived biochar modified with H;PO,
(267 mg g ") or peat-derived biochar (94 mg g~ !). Mechanistic
investigations revealed that the -BCO, functional group,
formed from B doping and served as the primary adsorption
site through m-n electron interactions. Similarly, phosphorus
(P)-doped biochar prepared by pyrolyzing H;PO,-impregnated
straw at 600 °C, formed C;-P-O functional groups, which
exerted the greatest effect in the adsorption of SMX, achieving
a capacity of 148.62 mg g '."** This performance exceeds
that of commercial materials such as activated carbon
(27-94 mg ¢ ') or sludge-derived carbon. Furthermore, P-
doped biochar demonstrated operational stability in continu-
ous flow columns and showed good agreement with practical
models such as the Thomas and BDST models, indicating
strong potential for industrial-scale applications.'** In the case
of nitrogen (N)-doped biochar, N species including pyridinic,
pyrrolic, and graphitic nitrogen were found to increase local
electron density, facilitating the generation of active functional
groups and enhancing the adsorption of persistent pollutants
including bisphenol A (BPA), norfloxacin (NOR), and CIP."?>'3¢
Lian et al."*” revealed that N-doped biochar derived from straw
exhibited excellent adsorption capacity for phenolic pesticides.
Particularly, Fe/N co-doped biochar revealed outstanding per-
formance owing to the synergistic effect and resonance
between the doped atoms. For example, Fe/N-doped biochar
synthesized from sawdust achieved a NOR uptake capacity of
107.5 mg g ', significantly higher than that of the pristine
biochar (35.3 mg g ') and Fe-doped biochar (58.2 mg g~ *)."*’

8846 | Mater. Adv, 2025, 6, 8839-8876

NOR (46.27 mg g )

TC (140.76 mg g~ )

Pore-filling, H-bond, n-n electron donor- 145
acceptor
Electrostatic interactions 146

Ahmad et al (2022) further confirmed that Fe/N biochar
exhibited a faster adsorption rate and markedly enhanced
efficiency compared to other carbon-based adsorbents in treat-
ing micropollutant-containing wastewater.">®

Additionally, Fe/B co-doped biochar synthesized using
NaBH, as the B source exhibited uniform distribution of B
and Fe atoms within the carbon matrix. This configuration
enhanced TC adsorption via n-n interactions and hydrogen
bonding."° The literature also highlights that atomically doped
biochars outperform conventional materials like carbon nano-
tubes or activated carbon. For instance, in the work by Ma
et al.,"*” a sludge biochar-carbon nanotube composite achieved
only ~70 mg g ' for SMX whereas P-doped biochar reached
over 140 mg g '. In summary, whether doped with single
elements such as B, P, N, or with combinations such as Fe/N
and Fe/B, biochar has demonstrated substantial improvements
in adsorption efficiency, stability, and practical applicability,
surpassing both unmodified biochar and many commercial
adsorbents reported in the literature.

A sustainable approach that continues to draw interest from
researchers in wastewater treatment is the application of green
chemistry techniques in both the fabrication and activation of
biochar. In particular, the use of plant extracts to reduce metal
precursors has proven to be an effective method for generating
metal nanoparticles (NPs). These nanoparticles can be dis-
persed and immobilized within plant-derived biochar (BC)
matrices, resulting in environmentally friendly, low-cost, and
chemically non-toxic BC-NP composites.'*® Numerous studies
have demonstrated the synthesis and characterization of NPs
through biological methods involving either microorganisms
or plant-based extracts. These include a range of metal nano-
particles (Al, Ag, Au, Pd, Fe, and Cu),"*® metal oxides (ZnO,
Ce0,, CuO, TiO,, and Fe;0,),"*° and metal sulfides (PbS and

© 2025 The Author(s). Published by the Royal Society of Chemistry
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CdS)."' Inorganic salts such as AgNO; and FeSO, are com-
monly reduced using plant extracts to synthesize isolated
nanoparticles'® or to co-synthesize NPs in situ within biochar
frameworks, forming composite materials.">®> For example,
silver nanoparticles have been generated via the decrease of
AgNO; using plant extracts derived from pine, rose, ginkgo,
magnolia, and platanus, with applications in biomedicine and
antimicrobial treatments."

Additionally, the incorporation of physical attributes such as
magnetism into biosorbents has been reported."®® A represen-
tative case is the preparation of magnetic bioadsorbents
through the use of rosemary leaf extract to generate Fe;O,
nanoparticles. In this method, rosemary leaves were initially
activated with phosphoric acid (H;PO,) and subjected to ther-
mal treatment at 220 °C to yield acid-modified biochar. This
modified biochar was then mixed with rosemary extract, fol-
lowed by the dropwise addition of FeSO, solution, facilitating
the in situ formation of Fe;O, nanoparticles within the biochar
matrix. The integration of magnetic properties into such bioad-
sorbents enhances pollutant separation from aqueous media
and promotes their reusability and practical waste manage-
ment at scale.

The use of plant-derived reducing agents in nanoparticle
synthesis further contributes to lowering the toxicity of the final
materials, enhancing their safety and environmental compat-
ibility. Kumar et al. presented a green synthesis route for
biochar using seeds of Abelmoschus esculentus (AESB) to elim-
inate Direct Blue 86 dye."> The dried seeds were chemically
activated with 88% H3;PO, at 100 °C for 90 min, leading to the
development of mesoporous and microporous structures on
the surface via pyrolytic degradation mechanisms.">> Subse-
quent pyrolysis at 600 °C in a nitrogen environment facilitated
the formation of additional functional pores, significantly
increasing the material’s active surface area.’®® The high-
temperature thermal decomposition of lignin, cellulose, and
hemicellulose is considered pivotal in generating a porous
structure with enhanced adsorption efficiency.'®’

More recently, the focus of biochar research has shifted
from terrestrial biomass to marine algal biomass, which offers
advantages such as rapid growth and ease of harvesting. Algal
species including U. ohnoi (Chlorophyta), S. hemiphyllum
(Phaeophyceae), and A. subulata (Rhodophyta) have been
explored as promising precursors for green biochar synthesis
aimed at wastewater decontamination.’*®**®' In U. ohnoi,
functional groups like carboxyl and sulfate present in cell
wall polysaccharides are known to assist in alkali-mediated
modification of BC using agents like NaOH or KOH.'®*> The
biomass of A. subulata contains a variety of bioactive com-
pounds including fibers, carotenoids, lipids, and proteins,'®
whereas S. hemiphyllum possesses functional constituents
including fucoxanthin, phlorotannins, polyphenols, and sulfo-
glycolipids, which provide chemically active sites for further
modification.'®* An additional example is the study by Mosaffa
et al., who developed a highly porous green sorbent by integrat-
ing hydrogel and biochar derived from Borassus flabellifer.
Using a carbonization temperature control approach

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(350-700 °C), they achieved a BET of 80.34 m”> g~ '.'®* The
resulting material demonstrated remarkable adsorption capa-
cities for both cationic (malachite green —10596 mg g * at
pH ~ 10) and anionic (Congo red —7095.43 mg g~ ' at pH ~ 6)
dyes. Beyond water treatment, green-synthesized nanoparticles
have been further investigated for biomedical applications
including contrast imaging, magnetic hyperthermia therapy,
and targeted drug delivery.’®® In summary, adopting green
synthesis strategies for the development of bioadsorbent mate-
rials not only enhances water purification performance but also
supports the overarching goal of global environmental
sustainability.

2.4. Hybrid biochar architectures incorporating MOFs and
MXenes

In recent years, hybrid biochar architectures combined with
metal-organic frameworks (MOFs) and MXenes have attracted
great attention in the materials science community due to their
ability to significantly improve the adsorption performance of
organic pollutants, especially antibiotics in wastewater. These
composite structures take advantage of the unique properties
of each component, in which biochar has high adsorption
capacity and low cost; MOFs stand out with super large surface
area, tunable porosity and high selectivity, and MXenes possess
superior conductivity along with strong surface interaction and
many active functional groups. MOFs are a diverse group of
metal-organic frameworks comprising various substructures
such as MILs, ZIFs, and other hybrid systems, which are
designed with the outstanding characteristics of large surface
areas, tunable porosity, and highly selective interactions with
target molecules. Therefore, the integration of MOFs into
biochar has opened up a promising approach for wastewater
treatment, especially for organic pollutants.

One of the prominent trends is to integrate MOFs onto the
biochar surface to effectively utilize both material phases. For
example, Hanane Chakhtouna and co-workers successfully
synthesized an MIL-53(Fe)/biochar adsorbent from date palm
rachis and achieved simultaneous elimination of CIP and
ofloxacin (OFL) up to 218.29 and 223.89 mg g~ *."%® The primary
mechanisms were identified as m-n resonance, electrostatic
interactions, and hydrogen bond formation, while MIL-53(Fe)
increased the density of mesopores for faster molecular diffu-
sion. Similarly, Samar M. Mahgoub and co-workers developed a
Zn-MOF/biochar composite derived from date palm seeds for
the treatment of CIP in polluted water.'®” The data discovered
that this material achieved a highest adsorption amount of
1943 mg g '. A notable breakthrough came in 2020,
when Chanaka M. Navarathna’s group synthesized a magnetic
MIL-53-Fe MOF/biochar composite incorporating magnetite.
This innovative material boasted an extensive surface area
(~350 m® ¢ ') and demonstrated exceptional Rhodamine B
(RhB) adsorption (55 mg g~ * at pH 6 and room temperature).'®®
Beyond its high efficiency, the composite exhibited outstanding
reusability, retaining over 80% adsorption capacity after multi-
ple cycles, highlighting its stability and promise for treating
dye-laden wastewater. In contrast, Liu et al. developed an
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Table 2 Adsorption of multiple antibiotics using a biochar/MOF-based adsorbent

Adsorbent Antibiotics Efficiency Mechanism Ref.
MIL-53(Fe)/biochar - CIP - OFL 223.89 mg g~ * n-m resonance, electrostatic inter- 151
actions, and hydrogen bonding
- Ofloxacin - CIP 218.29 mg g
Zn-MOF/biochar - CIP 1943 mg g " 152
Magnetic MIL-53-Fe MOF/biochar - RhB 55mgg " 153
Lignin-doped biochar/MIL-101-NH,(Fe) -TC 760.36 mg g ' 154
Fe-Co MOF/CoFe,0, modified biochar -TC 909 mg g ' Chemisorption (non-electrostatic 171
interactions including hydro-
phobic interactions, hydrogen
bond formation, surface coordi-
nation mechanisms, and n-n
stacking)
Hybrid (MIL-53(Al)@RH) - Glyphosate (GLY) GLY: 162 mg g Chemical bonding, electrostatic 172
interactions
- Diclofenac (DCL) OTC: 139 mg g~
- OTC DCL: 93 mg g *
HKUST/biochar based adsorbent -TC 396 mg g ' - Metal-organic complexation 173
- Hydrogen bond formation
- Electrostatic force
- m-7 interaction
MIL-101(Fe)-PMA-biochar - RhB RhB: 96% - Electrostatic interactions 174
- Methyl orange (MO) MO: 93% - Hydrogen bonding
MIL-53(Al)@RH biochar - GLY 297 mg g ! - n-n stacking interactions 175
- Hydrogen bonding
- Complexation
MPN/NH,-MIL-101 (Fe) - TC -TC:109 mgg ' - Hydrogen bonding 176
-2,4- -2,4D:79 mg g " - Electrostatic complexation
Dichlorophenoxyacetic
acid (2,4-D)
- n-n mechanisms
Ti-MOF/TiO,@WMPB/CTH DOX DOX: 95% Pseudo-second 177
Order
Langmuir
Isotherm (monolayer adsorption)
Biochar/ZIF-8 TC 288.85 mg g Hydrogen bonding, - n-n 178

innovative lignin-grafted MIL-101-NH,(Fe)/biochar composite
for TC adsorption.'®® Remarkably, this material exhibited out-
standing adsorption performance across a broad pH range,
achieving a maximum amount of 760.36 mg g * at pH 4.19,
doubling the adsorption efficiency of Carbon-MIL-101-NH,. A
summary of typical studies on ZIF/biochar and MOF/biochar
composite materials for antibiotic adsorption has been pre-
sented in detail in Table 2 to provide a comprehensive view of
the potential and development trends of this advanced material
line. Fig. 7 illustrates the typical antibiotic adsorption mecha-
nism of MOF/biochar composite materials through the inter-
actions: (1) hydrogen bond formation between functional
groups on the biochar surface and antibiotic molecules, (2)
pore adsorption from the MOF structure, and (3) ion
exchange,. . ..

MXenes constitute an innovative class within the broader
field of two-dimensional materials with the general formula
M,,+1X, Ty, in which M refers to a transition metal (e.g., Ti, V,
and Nb), X represents nitrogen or carbon, and T, refers to
surface functional groups such as -O, -F, and -OH."”® These
substances are generated via the etching of A-layers from the
MAX structure (e.g., TizAlC,), resulting in thin sheets of mate-
rial with large surface areas, high electrical conductivity, and
flexible functionalization.’®® Thanks to these properties,

8848 | Mater. Adv, 2025, 6, 8339-8876

interaction

MXenes have been widely explored in fields including sensors,
energy storage, and especially water remediation as potential
adsorbent materials. The combination of MXenes with biochar,
a porous carbon material obtained from biomass pyrolysis, has
produced composites with superior adsorption capacity due to
the synergy between the electrical conductivity and ion
exchange capacity of MXenes and the functional group-rich
active surface of biochar. Fig. 8 shows the fabrication process of
a biochar/MXene based adsorbent. Typical evidence is the
investigation by Bukhari et al (2024), in which the Fe,Os/
biochar/MXene composite showed high adsorption efficiency
for lead ions (Pb>*) and MB dye, achieving more than 99%
removal of Pb*>" and MB.'" The adsorption mechanism is
believed to be owing to the combination of functional groups
including O, OH™, and F~ from MXenes and CO, CN, and OH
groups from biochar, creating many adsorption sites for metal
ions and dye molecules.'®"

Another work discovered by Liu et al. (2023) successfully
developed a biochar/MXene composite material using a coco-
nut shell as a raw material, which combined with polydopa-
mine (PDA) and polyethyleneimine (PEI) coating that forms
Ti;C,Tx@biochar-PDA/PEI material through the charge self-
assembly method."® The results showed that this material
possesses a porous structure with many active functional

© 2025 The Author(s). Published by the Royal Society of Chemistry
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groups including -OH, -NH,, and Ti-OH, which enhances the
adsorption capacity of radioactive ions U(vi) and Cs(1). Batch
sorption experiments showed that the elimination performance
of U(v1)/Cs(1) followed second-order kinetics and the Langmuir
isotherm model, discovering a monolayer sorption mechanism
controlled by chemisorption. In particular, this material
achieved extremely high adsorption efficiency, with a maxi-
mum removal capacity of up to 239.7 mg g ' for U(vi) and
40.3 mg g~ for Cs(1)."®* Even in an environment containing
many competing ions, the material still maintained its superior
adsorption efficiency, demonstrating the good selectivity of this
composite. In addition, the reusability of the adsorbent was
also examined and after three adsorption-desorption cycles,
the material still maintained more than 80% of its initial
efficiency. Mechanism analysis through FTIR spectroscopy,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Mechanism of pollutant capture by biochar/MOF (reproduced from ref. 170 — open access article under CC-BY license).

XPS, and DFT simulations discovered that the main mechan-
isms include ion exchange, electrostatic forces, and chelate
complexation between functional groups on the material sur-
face and the target metal ion.

Complementing the above results, the study by Kumar et al.
(2025) successfully synthesized Ti;C,T, MXene@biochar (MB)
composite materials via an ultrasonic self-assembly method
with different ratios between MXene and biochar (1:9, 3:7,
and 5:5), aiming to simultaneously treat inorganic pollutants
coexisting in wastewater including metal species (Cd, Cu, Cr,
and Pb), ammonium (NH,*), and phosphate (PO*")."®® The
results showed high adsorption efficiencies for Cu, Pb, and Fe
when all reached >98% under optimal conditions. Notably, the
MB-1:9 material (high biochar ratio) exhibited a Cu removal
efficiency of up to 99.89% at a dose of 12 mg while MB-3: 7 was
more suitable for NH," adsorption, achieving an efficiency of
97.83%. The biosorption models were accurately depicted by
the Freundlich model, revealing the possibility of multilayer
uptake on the heterogeneous interface. Meanwhile, the kinetics
followed a second-order kinetic, indicating the crucial role of
the chemical sorption mechanism. The adsorption mechanism
was determined to be a combination of several interactions
such as electrostatic forces that occur between metal species
and the MXene surface’s functional groups (-OH, -O, and -F),
ion exchange via Ti-OH groups, chelation complexation via
-COOH groups as well as physical adsorption in the porous
structure of biochar. Furthermore, thermodynamic studies
confirmed that the uptake process was endothermic (AH > 0)
and spontaneous (AG < 0) with Zn adsorption exhibiting a
strong temperature dependence (AH up to 61.7 k] mol '
for MB-5:5)."®® The MB material also demonstrated good
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reusability after multiple adsorption-desorption cycles, espe-
cially for heavy metals and PO,*~, showing great potential in
practical applications. In addition, MXene/biochar composites
have also been tested in the field of wastewater decontamina-
tion and energy recovery, showing effective elimination of
organic pollutants in food wastewater and enhanced hydrogen
recovery efficiency due to the excellent catalytic and electron
transfer properties of MXenes.'®*

However, it is worth noting that up to now, there has been
no published study on the direct application of biochar/MXene
composite materials in the adsorption of antibiotics, an emer-
ging group of pollutants that are causing concern in the aquatic
environment. This creates an important research gap as the
ideal properties of MXenes (electrostatic interactions, flexible
functional groups) and biochar (diversified adsorption capacity
and stability) can be combined to effectively treat antibiotic
molecules such as CIP, TC, or SMX, which have been success-
fully treated by individual biochar or MXene forms. Therefore,
future research can be directed toward the synthesis and
optimization of biochar/MXene composite materials specifi-
cally for antibiotic adsorption, while studying the molecular
interaction mechanism between the materials and specific
antibiotic groups. The development of this new material line
not only fills the current gap but also promises to bring
sustainable solutions for the treatment of medical and agricul-
tural wastewater, where antibiotic residues are an urgent
problem.

2.5. Techniques for characterizing biochar

The ability of biochar to eliminate substances is improved by
chemical, thermal, and mechanical modifications, which pro-
vide significant benefits to this material. The changes in the
structure and biochar’s properties depend on various factors
including pyrolysis temperature, precursor type, particle size,
and modification agent. These changes can be evaluated by
various characterization techniques. In many experimental
studies, the adsorption properties and efficiencies of modified
biochar are further characterized through qualitative methods.
Further modified forms of biochar including nano-sized adsor-
bents, magnetic materials, and other complex derivatives are
often characterized by a variety of modern instruments such as
TEM, SEM, XPS, EDS, VSM, ICP, FT-IR, and particle size
analyzers."”> Specifically, TEM and SEM are commonly
employed to analyse the structure of nano-materials while
EDS supports the confirmation of atomic composition. The
magnetic characteristics of the biochar are evaluated by mea-
suring the vibrational magnetic moment using a VSM. In
addition, particle size analysis allows determining the influ-
ence of mechanical modification. SEM and TEM demonstrate
the effect of thermal modification while EDX and FTIR techni-
ques mainly serve to evaluate the effectiveness of chemical
modification. Compared to raw biochar, the efficiency of mod-
ification or activation is better demonstrated through addi-
tional analytical methods. These methods are specifically
illustrated in the following sections.
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3. Biochar for adsorption of antibiotics

3.1. Key variables impacting biochar adsorption performance

In heterogeneous adsorption systems, pollutant removal effi-
ciency depends not only on the properties of the material but
also on environmental conditions and operating parameters.
Factors such as solution pH, initial contaminant amount,
temperature, duration time and material content influence
more than just the adsorption kinetics or equilibrium; they
also play a crucial role in governing interaction mechanisms at
the molecular level. For instance, pH exerts a dual effect: it
controls the ionization state and charge distribution of func-
tional groups on the biochar interface while simultaneously
influencing the chemical form and electronic activity of the
pollutant in solution. These changes directly impact the gen-
eration of electrostatic attraction, hydrogen bonding and
EDA complexes. Meanwhile, the initial concentration and
temperature relate to the thermodynamic driving force, the
ability to overcome energy barriers and the surface selectivity
of the composite. Thus, understanding the role of each
variable provides not only deeper insight into the adsorption
process but also a rational basis for optimizing performance
and designing biochar materials in a mechanism-driven
framework.

3.1.1. pH. During the biochar treatment of antibiotics, the
pH of the reaction working plays an important role because it
influences both the surface charge of the adsorbent and the
electrochemical structure of the antibiotic molecule.>®'%>"'%7
This is particularly important for acid-base dissociating mole-
cules such as TC, where pH changes lead to different ionization
states that determine both the molecular form and its ability to
interact with the adsorbent. A typical example is TC, an anti-
biotic with three acid dissociation constants, recorded with
log K, values of approximately —9.7, —7.7, and —3.3."®® These
values divide the pH range into four distinct regions, each
dominated by a specific ionic form. At high pH levels, well
above the first dissociation constant, the HTC,  form becomes
dominant with a strong negative charge. At low pH and below
the third dissociation constant, the molecule exists mainly in
the positively charged H,TC" form. Between these extremes, the
molecule gradually transitions from H,TC  to neutral H;TC
depending on the acidity or alkalinity of the medium. Each
ionic form has unique electrochemical characteristics, leading
to significant differences in its interaction with the adsorbent
surface, especially when that surface contains polarized groups
or regions with delocalized electrons.'® In addition to altering
the structure of the antibiotic molecule, pH directly affects the
biochar’s surface charge through protonation and deprotona-
tion. Once the environmental pH is lower compared to the
material’s pHy,., the carbon surface tends to carry a positive
charge, promoting attraction with negatively charged ions. In
contrast, as the pH exceeds pHy,., the surface becomes
negatively charged, which can lead to electrostatic repulsion
with antibiotic anions.'® Experimental results show that under
neutral to slightly acidic conditions and typically between pH 2
and 7, the removal efficiency of antibiotics is significantly
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higher compared to alkaline conditions.
onments, strong deprotonation reduces adsorption due to
increased repulsion and weaker hydrogen bonding. Further-
more, pH regulates the charge density and polarity of surface
functional groups such as OH, COOH, and NH,.'”®> These
factors influence the formation of hydrogen bonds, electron
donor-acceptor complexes, and m-m interactions. However,
such interactions tend to weaken when the pH becomes too
alkaline, as protonation decreases and changes occur in the
energy levels of the involved molecular orbitals. From the above
discussion, it is clear that maintaining pH within an optimal
range not only preserves effective adsorption but also improves
selectivity for different antibiotics, thereby enhancing both the
accuracy and overall efficiency of water treatment using
biochar.

In addition to the aforementioned factors, pH is also influ-
enced by the intrinsic characteristics of the biochar, which are
ascertained by the input materials and the pyrolysis conditions
used during its production. Higher pyrolysis temperatures tend
to rise the ash amount, thereby enhancing the alkalinity and
elevating the surface pH of the biochar, which directly impacts
its interaction with various charge carriers."®* Variations in pH
also influence the suspension properties of the system, includ-
ing colloidal stability and dispersion, thus regulating adsorp-
tion efficiency under real environmental conditions.'*?
Moreover, several studies have discovered that the antibiotic
removal efficiency of biochar typically fluctuates with the pH of
the solution often increasing from acidic to neutral conditions
and then declining as the pH becomes more alkaline.'®® This
trend is attributed to shifts in the relative charges between the
biochar surface and the antibiotic molecules, leading to
changes in electrostatic interactions as well as the potential
for hydrogen bonding or ion exchange mechanisms.

3.1.2. Duration time. In wastewater treatment using
adsorption, the duration time between the material and the
contaminant such as biochar plays a crucial role in determin-
ing removal efficiency.'”” Unlike instantaneous reactions,
adsorption follows a complex kinetic pathway where antibiotic
molecules require sufficient time to migrate and bind to the
vacant sites on the material’s interface. As this interaction
progresses, it gradually leads to a phase of equilibrium when
the rate of uptake equals the rate of desorption. In wastewater
environments with high levels of organic matter, pollutant
concentrations typically decrease over time until this steady
state, known as adsorption equilibrium, is reached.*®® Accu-
rately determining the time required to reach equilibrium is
essential for effective system design and operation. If the
contact time is too short, the adsorption process remains
incomplete but too long can lead to unnecessary energy and
resource consumption. This parameter is strongly affected by
the microstructural and chemical characteristics of the biochar,
which include porosity, pore size, specific surface area, and
surface functional groups. It is also influenced by operating
levels including pH, the initial concentration of pollutants, and
temperature.'® An illustrative example of the importance of
contact time can be found in a study by Fan and colleagues,
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who investigated MB adsorption using two types of biochar.
One was derived from municipal sewage sludge, while the other
was produced from a combination of sewage sludge and tea
waste. Their results revealed a substantial difference in the
time needed to reach equilibrium when the first biochar
required 24 h,>°° whereas the second attained equilibrium in
as little as 8 h.>°" This outcome indicates that the origin and
structural properties of the biochar have a direct impact on the
adsorption kinetics. To gain deeper insight into the influence
of duration time and other influencing factors, the researchers
employed Design Expert software along with the Box-Behnken
response surface methodology to optimize the process. Simula-
tion results demonstrated that, under optimal conditions, the
pollutant removal efficiency could reach 99.9%, underscoring
the critical role of operational parameters, including contact
time, in overall treatment performance.*°> Additionally, physi-
cal characteristics such as material permeability and electro-
static interactions that occur between the material and
pollutant molecules are acknowledged as major contributors
to the uptake rate and the underlying mechanism throughout
the process.'® Therefore, precise control of the contact time is
not only vital for maximizing treatment efficiency but also
serves as an important indicator for evaluating the practical
feasibility of biochar-based systems in the removal of antibio-
tics from wastewater.

3.1.3. Biochar dosage. Biochar dosage is an important
factor that directly affects the adsorption efficiency of pollu-
tants, particularly antibiotics. Once the amount of biochar in
the medium increases, the number of available vacant sites on
the sorbent’s surface also increases, improving the sorbent’s
capacity to isolate and remove pollutant molecules.>***** For
instance, David Adu-Poku et al. (2024) observed that TC
removal efficiency improved from 90 to 98.9% as the mass of
biochar was raised from 0.05 to 0.1 g.>°> However, this effi-
ciency does not rise indefinitely but instead reaches an optimal
threshold. Beyond this point, biochar particles may begin to
overlap, causing adsorption layers to merge and obscuring
active sites, which reduces overall treatment efficiency."*® Simi-
larly, one study demonstrated that a biochar dosage of 1 g L™*
could remove over 70% and even achieve 100% removal for TC,
erythromycin, and clarithromycin.>*® Yet excessive dosage can
diminish adsorption efficiency due to overlapping adsorption
layers and active site saturation. Duc Thang Nguyen et al. (2025)
found that improving the amount of biochar from 0.1 to
0.25 g raised CIP elimination efficiency from 40 to ~95%
before reaching saturation.>®” Additionally, if the adsorbent
quantity is too high relative to the initial pollutant concen-
tration, insufficient antibiotic molecules remain to occupy all
empty sites, which leads to a relative decline in adsorption
efficiency."® Conversely, well-controlled dosage conditions can
significantly accelerate the initial adsorption rate by enhancing
the number of empty sites on the material surface.’® This also
shortens the time required to achieve equilibrium in the
treatment system.’® Thus, determining the optimal biochar
dosage is vital to ensure both high removal efficiency and
cost-effectiveness for large-scale wastewater treatment. An
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appropriate dosage maximizes resource utilization, prevents
material waste, and reduces production costs in potential
industrial biochar applications.

3.1.4. Contaminant concentrations. Initial levels of anti-
biotics are recognized as a critical factor influencing the
adsorption efficiency in treatment systems that use biochar or
composite materials. At the beginning, the concentration dif-
ference between the solution and the adsorption interface
promotes rapid diffusion and strong interactions between
antibiotic molecules and the active sites on the material.
However, as the concentration continues to rise, the adsorption
sites become progressively occupied, resulting in a decline in
elimination performance owing to surface saturation. Experi-
mental evidence from various studies supports this pattern.
Yan et al. (2020)*'° reported that TC molecules quickly bonded
to Zn-modified biochar (ZnBC) at the early stage. Yet, when the
TC concentration exceeded 80 mg L™ ", the adsorption efficiency
showed no further significant increase, suggesting that the
material had reached saturation. Sayin et al.>'! also observed
that CIP removal efficiency dropped from 99.9 to 97.3% as the
amount of sorbate increased from 50 to 150 mg L' and fell
sharply to 48.2% at 500 mg L~ ". This indicates that when the
antibiotic concentration surpasses the capacity of the adsorp-
tion sites, treatment performance is substantially reduced. Fu
et al.>'* further found a rising trend in DNA adsorption with
increasing initial concentration when using biochar modified
with quaternary phosphonium salts, but the trend plateaued
beyond a certain point. Simultaneously, Wu et al.>'* observed
that the uptake rate declined as the amount of initial antibiotic
rose, which reflected competition among target molecules for
the remaining active sites. Recent studies have reported similar
findings. Zheng et al. (2021)*'* demonstrated that iron-doped
biochar made from agricultural waste increased sulfamethyli-
midine adsorption capacity from 0.3 to over 4.0 mg g~ " as the
concentration grew from 2 to 35 mg L™, though the efficiency
eventually stabilized and no longer increased proportionally.
Likewise, a study by Ouyang et al (2024)*"° using bamboo
biochar showed that elimination capacities for MFX, CIP, and
OFLX enhanced notably from 30.71, 35.20, and 36.80 mg g~ " at
10 mg L™ " to 83.58,102.91, and 102.77 mg g~ " at 50 mg L™ ' but
the efficiency declined once the concentration surpassed the
optimal level. These findings suggest that although raising the
initial antibiotic concentration can enhance the uptake amount
of biochar up to a point, exceeding that threshold may reduce
efficiency due to active site saturation. Therefore, identifying an
appropriate initial antibiotic concentration is essential to opti-
mize the wastewater treatment process using biochar.

3.1.5. Temperature. Temperature variation during adsorp-
tion can significantly affect the removal efficiency of pollutants,
especially antibiotics. This is because temperature influences
both the reaction rate and the interactions that occur between
the interface of material and pollutant molecules. Most water
treatment studies conduct experiments at around 25 °C to
simulate typical environmental conditions.>'® However, many
results show that temperature changes can cause significant
differences in antibiotic removal efficiency, depending on the
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adsorbent characteristics and pollutant type. For example,
when removing TC using biochar from grapefruit peel, rising
the temperature from 25 to 40 °C raised the isolation efficiency
from 9.89 to 26.27%. This increase occurred because higher
molecular kinetic energy improved the diffusion of TC to
adsorption sites.”’” The same tendency was discovered by
Cheng et al.,”'® in which isolation performance enhanced with
a temperature rise from 15 to 35 °C. The above effect is
explained by the endothermic nature of the adsorption.>'® In
addition, higher temperatures can raise the collision frequency
between reactive molecules and SMX, promoting more efficient
adsorption.”*® Liu et al.®*' reported a similar trend for p-
nitrophenol removal utilizing pine sawdust biochar, as did
Lonappan et al.?**> with diclofenac on pine wood biochar. In
both cases, adsorption increased with temperature. The
observed phenomenon may relate to increased molecular
motion, which raises the chance of contact between antibiotics
and active sites. It may also result from improvements in the
biochar surface structure, owing to the development of aro-
matic carbon phases that enhance adsorption interactions.>?*
However, it should be noted that not all adsorption processes
are endothermic. In exothermic systems, higher temperature
may reduce efficiency because it reduces the interaction
strength between the pollutant and the sorbent.

3.1.6. Effect of other pollutants. In natural water and
wastewater environments, the presence of inorganic salts is
unavoidable, and they can influence the antibiotic adsorption
efficiency of biochar. Liang et al?>** reported that a certain
concentration of sodium can enhance antibiotic adsorption on
the surface of treated biochar. However, other studies have
presented contrasting findings. Tang et al>*® and Nguyen
et al.*®*® observed that the presence of cations in solution
reduces adsorption efficiency because of their competition with
antibiotic molecules for active sites. Nguyen et al.>*® further
emphasized that both cations and anions contribute to the
inhibition of the adsorption process. Apart from monovalent
ions, the impact of divalent ions on the antibiotic removal
capacity of biochar has also attracted attention and remains a
subject of debate. Tan et al.>*’ found that Mg”* ions exert a
stronger inhibitory effect than Na® ions. Nevertheless, some
studies have highlighted potential benefits associated with
divalent ions. Nguyen et al.,”*® for instance, found that Ca**
can form complexes with antibiotic molecules such as TC,
thereby improving the TC removal efficiency in solution. As a
Lewis base, TC can bond with cations like Ca>" and Mg>*, which
act as Lewis acids, forming stable complexes that support the
adsorption process (eqn (4)-(8)). In contrast, other studies
including Hu et al.'®® and Liang et al.>** suggested that divalent
cations generally reduce adsorption efficiency due to stronger
competition at the material surface.

Mg** + HTC™ — MgHTC" )
Mg>" + TC*” — MgTC (2)
Ca®" + HTC™ — CaHTC" 3)
Ca*" + TC*™ — CaTC (4)
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The presence of cations in solution can influence the
adsorption efficiency of negatively charged antibiotic molecules
onto the surface of biochar. The extent of this effect depends
significantly on the type of ion. For example, Fu et al. (2021)
found that divalent ions tend to enhance the adsorption
efficiency of antibiotics more effectively than monovalent ions,
owing to their higher surface charge density and stronger
interactions with biochar.>'* Calderén-Franco et al.>*® investi-
gated the effects of Na*, Ca®", and Mg”* on the adsorption of
several common antibiotics. The results indicated that Mg>*
improved adsorption efficiency by approximately 33%, whereas
Na" and Ca®** did not cause any significant changes. These
findings contrast somewhat with those of Wang et al.,”** who
demonstrated that Ca** can form stronger ionic bridges than
Mg”* and may also create complexes with the functional groups
of antibiotics, resulting in more compact molecular structures
that fit more effectively into the micropores of biochar. Humic
acids (HA) have also been shown to play an important role in
promoting antibiotic adsorption. Calderén-Franco et al.>*®
reported that HA not only directly adsorbs antibiotics but also
adheres to the biochar surface, acting as an intermediate bridge
layer that facilitates adsorption. Beyond these studies, several
recent works have provided further insights into the role and
mechanisms of cations in the adsorption process. Qiong Lu
et al.,”*° for instance, emphasized that alkaline earth metal ions
such as Mg®>" and Ca”" not only enhance charge coupling
between biochar and antibiotic molecules but also contribute
to the structural stability of the material under variable pH
conditions, particularly in neutral to alkaline environments.
The adsorption mechanism involves more than just ionic
bridging. It also includes n-r interactions, hydrogen bonding,
and electrostatic forces, all of which are influenced by the type
of cations present in the solution.”*' Notably, some studies
have shown that incorporating metal oxides like MgFe,0, into
biochar can improve the adsorption efficiency of SMX and TC
by combining several mechanisms including n-rn interactions,
Ca®" jon bridging, and surface-mediated functional group
binding.*** In parallel, research on seaweed-derived biochar
has demonstrated high antibiotic adsorption efficiency at
elevated temperatures. This is primarily achieved through n-n
interactions, pore filling, and hydrogen bonding, suggesting
effective strategies for optimizing adsorbent materials under
favorable thermodynamic conditions. Finally, the effects of
aged biochar have also been documented. In the presence of
Na" and Ca®" ions, aged biochar exhibited reduced adsorption
capacity for NOR.>*° In contrast, humic acid enhanced adsorp-
tion at acidic pH but had a diminishing effect at neutral pH.
These observations underscore the importance of considering
coexisting substances in the environment when assessing the
performance of biochar in antibiotic removal.

3.2. Quantum chemical insights via density functional theory
(DFT) calculations

Density functional theory (DFT) has emerged as a pivotal tool
for investigating the sorption mechanisms of organic pollu-
tants on carbon-based adsorbents particularly biochar. This
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computational approach enables detailed examination of inter-
actions between antibiotic molecules and biochar surfaces at
the electronic level providing insights into fundamental pro-
cesses such as n-n interactions, hydrogen bond formation and
chemical bonding while offering valuable guidance for design-
ing biochar with optimized structures. Current applications of
DFT in simulating antibiotic adsorption predominantly employ
computational software packages such as Gaussian Materials
Studio or Dmol® utilizing exchange-correlation functionals like
B3LYP PBE or ®B97X-D combined with basis sets such as 6-
31++G(d,p) and DNP. In recent years, many studies have
expanded this approach by integrating experimental methods
with DFT to elucidate the mechanism of antibiotic adsorption
on biochar at the electronic level. Representative examples
include the work of Badshah et al. (2024),>** which investigated
the stepwise mechanism of antibiotic removal using activated
carbon, Zhang et al. (2024),>** who standardized and analyzed
the micromechanism of tetracycline adsorption on biochar,
and Bai et al (2023),”* who employed magnetite-
functionalized biochar to clarify the adsorption mechanism of
four sulfonamide antibiotics. More recent contributions
include Ezzahi et al. (2025),>*°® who examined activated biochar
derived from lignocellulosic biomass for fluoroquinolone
removal, Ren et al. (2025),>” who validated the adsorption
mechanism of metronidazole on CO,-activated biochar, and
Jiang and Hu (2025),>*® who analyzed the synergistic effect
between biochar and microplastics in tetracycline adsorption.
Collectively, these studies demonstrate that combining experi-
mental data with DFT simulations provides valuable insights
into the roles of surface functional groups, metal ion bridging,
n-m interactions, and pore filling. Such advances highlight the
ongoing shift from purely experimental investigations to quan-
titative analyses at the electronic level and contribute to estab-
lishing a stronger scientific foundation for the design of next-
generation biochar materials. This section comprehensively
reviews representative studies that employed DFT to analyze
antibiotic adsorption on biochar, representing a significant
advancement from purely experimental investigations to quan-
tum mechanical and electron-level understanding.

Among the pioneering works, Chen et al.”*® conducted a
combined experimental and DFT modeling study examining
sulfamethazine (SMT) adsorption onto porous cellulose bio-
char (MCB). Their computational approach utilized Materials
Studio 2017 R2 software implementing the GGA-PBE exchange—
correlation functional with the DNP 4.4 basis set and incorpor-
ating van der Waals corrections through Grimme’s DFT-D
method. The biochar model was constructed as a planar
graphene sheet comprising seven aromatic rings with a 20 A
vacuum layer along the z-axis and employing a 4 x 4 x 1 k-point
grid. Simulations were performed at 298 K in an aqueous environ-
ment simulated using the COSMO model (¢ = 78.54). Following
geometric optimization the SMT molecule was positioned on the
biochar surface in multiple configurations. The adsorption energy
(Eaas) was calculated using the standard expression:

Eaas =

Ecomplex - (Ebiochar + ESMT) (5)
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Fig. 9 lllustration of the interaction between the adsorbent and the
antibiotic (reproduced from ref. 239 with permission from Elsevier, copy-
right 2019).

where Ecomplex Tepresents the total system energy, Epiochar
denotes the energy of the biochar model and Egyr corresponds
to the energy of the antibiotic molecule. Results (in Fig. 9)
demonstrated that the most thermodynamically favorable
adsorption configuration occurred when SMT adopted a paral-
lel orientation relative to the graphene surface facilitating n-n
stacking and electron donor-acceptor (EDA) interactions parti-
cularly at pyrrole group sites characterized by high n-electron
density.

Complemented by in-depth analysis using DFT simulations,
the projected density of states (PDOS) and charge density
distribution calculations clearly demonstrate that the adsorp-
tion of SMT onto biochar occurs through n-n interactions,
accompanied by strong electron transfer between molecular
orbital regions (Fig. 10). The most stable adsorption configu-
ration is observed when SMT adopts a V-shaped conformation,
which optimizes the overlap between the n orbitals of the
aromatic rings in SMT and those on the biochar surface.
Moreover, the PDOS spectrum reveals a significant redistribu-
tion of the electronic density of states after adsorption, parti-
cularly in the region near the Fermi level. A notable
enhancement in both the number and intensity of peaks in
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the p-orbital spectrum, compared to the s-orbital, confirms the
dominant role of p electrons in the interaction process.

In systems such as OH-substituted MCB, NH,-substituted
MCB, and pyrrole-substituted MCB, the PDOS peaks originally
located in the high-energy region corresponding to the HOMO
were attenuated and reappeared at lower energy levels after
adsorption, indicating electron transfer from the biochar to
SMT. In contrast, for systems containing strong electron-
withdrawing groups including NO, and COOH, several char-
acteristic SMT peaks that appeared in the negative energy range
before adsorption (from —3 to 0 eV) shifted to the positive
energy range (from 1.5 to 4.5 eV) after adsorption, reflecting a
reverse electron transfer direction from SMT to biochar. These
findings align with the n-m electron donor-acceptor (EDA)
interaction model, where both the direction and magnitude
of electron transfer are governed by the polarity of the func-
tional group. Among all functional groups studied, the pyrrole
group had the most pronounced effect. It significantly
increased the electronic density of states and created a distinct
overlap between the PDOS peaks of SMT and biochar after
adsorption, resulting in the most negative adsorption energy
value. This highlights the critical role of pyrrole in enhancing
the n-n EDA interaction and improving the selective uptake
efficiency of SMT. Additional analyses including electrostatic
potential (ESP) mapping and density of states (DOS) calcula-
tions revealed significant electron redistribution upon adsorp-
tion confirming the chemical nature of these interactions. The
authors concluded that strategic enhancement of n-donor
functional groups such as pyrrole moieties on biochar surfaces
represents a promising approach for developing materials with
superior selective adsorption capabilities.

Expanding upon the n-rich adsorption mechanism identi-
fied in the aforementioned study, Liu et al.>*° implemented a
more sophisticated electronic analysis approach using biochar
derived from durian peel and activated with KOH (KBC) for
CIP adsorption. Their DFT simulations performed with Gaus-
sian 09 software employed the hybrid B3LYP functional and
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Fig. 10 Charge density images showing SMT adsorption on functionalized MCB surfaces: (A) MCB-OH, (B) MCB-COOH, (C) MCB-NO,, (D) MCB-NH,,
(E) CsHsN-MCB, and (F) C4HsN-MCB (reproduced from ref. 239 with permission from Elsevier, copyright 2019).
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6-31++G(d,p) basis set enabling simultaneous investigation of
n-n stacking interactions, hydrogen bonding effects and func-
tional group influences. Following geometric optimization of
the CIP molecule the researchers calculated frontier molecular
orbital energies including HOMO (—5.83 eV), LUMO (—1.41 eV)
and the resulting band gap (AE = 4.42 eV), which collectively
indicated pronounced electron-accepting characteristics. Elec-
trostatic potential (ESP) mapping and molecular orbital calcu-
lations revealed that the oxygen-containing functional groups
on the biochar surface, particularly the carboxyl and carbonyl
groups with strong negative charge distributions, serve as
preferential vacant sites for interactions with the locally posi-
tively charged regions of the CIP molecule (Fig. 11). The
optimized adsorption profiles indicated that CIP can bind
strongly to the biochar surface through both hydrogen bond
formation and coplanar n-r interactions. Notably, adsorption
energy analysis for each functional group highlighted
the dominant role of the carboxyl (—8.06 eV) and carbonyl
(—7.89 eV) groups, in contrast to the lower activity of groups like
C—C (—4.08 eV) and OH (—2.72 eV). These findings confirm that
oxygen-containing groups not only enhance hydrogen bonding
but also function as key n donors in electron donor-acceptor n-n
interactions. In addition, the relatively small HOMO-LUMO
energy gap of CIP (4.42 eV) suggests a strong electron-accepting
ability, which supports the formation of stable donor-acceptor
complexes with the electron-rich biochar surface.

Surface charge distribution analysis was conducted using
VMD software identified regions of strong negative charge
localization particularly at -O-C=0O and -C=O functional
groups. Systematic calculations of adsorption energies across
different functional group sites employing the conventional
energy difference formula revealed the following trend: -O-
C—O0 (—8.06 eV) > C—0 (—7.89 eV) > C—C (—4.08 ¢V) > -OH
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(—2.72 eV). These findings not only established the predomi-
nance of oxygen-containing functional groups in uptake pro-
cesses but also validated the predictive utility of ESP analysis
for identifying preferential adsorption sites. Consequently the
research team proposed that biochar materials enriched with
carboxyl and carbonyl groups would represent an optimal
design strategy for efficient fluoroquinolone (FQ) removal.

Although Liu et al.** provided comprehensive insights into
the role of electron-rich functional groups in enhancing anti-
biotic removal via hydrogen bond formation and n-n stacking
interactions, their investigation primarily focused on specific
molecular systems and highly tailored material models. This
limitation prompted an important scientific question regarding
the existence of generalizable principles governing interactions
between polycyclic aromatic antibiotics and carbonaceous
materials such as biochar or graphene. To address this funda-
mental question Peng et al.>*' developed an innovative com-
bined experimental and DFT simulation approach specifically
designed to evaluate the influence of the aromatic ring count in
antibiotic structures on their adsorption behavior toward n-rich
materials including graphene and biochar. In their investiga-
tion, the authors employed DFT modeling to systematically
evaluate adsorption energies for a series of n-ring compounds
with progressively increasing aromatic ring counts (ranging
from benzene to pentacene) on graphene flake surfaces. The
computational simulations utilized Gaussian 09 software with
the ®B97X-D exchange-correlation functional — a hybrid func-
tional incorporating van der Waals dispersion corrections —
paired with the 6-31+G(d,p) basis set, which offers superior
accuracy for modeling m-conjugated systems. Following
ground-state optimization of all molecular structures, adsorp-
tion energies (E,qs) were determined using the conventional
formula:
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(a) ESP distribution of CIP, (b) ESP distributions of BC and its functionalized forms (-OH, C—0O, and O-C=0), (c) HOMO and LUMO frontier

molecular orbitals, and (d) optimized sorption energies and configurations of CIP on biochar with varying oxygen-containing groups (reproduced from

ref. 240 with permission from Elsevier, copyright 2025).
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Eaas = Esystem - (Eadsorbent + Eadsorbate) [6)

where Egygem represents the total post-adsorption energy,
E.dsorbent denotes the graphene energy, and E,gsorbate COITE-
sponds to the isolated n-ring molecule energy. Computational
results demonstrated a progressive enhancement in E,qs values
with increasing aromatic ring count: from —14.97 kcal mol !
for benzene to —49.69 kecal mol * for pentacene. These elevated
E.qs values signify stronger, more stable adsorption bonds,
unequivocally demonstrating the direct proportionality
between aromatic ring number and adsorption capacity on
n-electron-rich surfaces, thereby highlighting the fundamental
importance of n-m stacking interactions. Notably, the benzene
E.gs value equates to approximately 25kpT at 300 K (roughly
triple the hydrogen bond energy between water molecules),
confirming that even in the simplest aromatic system, n-n
interactions provide sufficient strength to maintain stable
adsorption structures under ambient conditions.

Complementing the theoretical modeling, the study con-
ducted parallel experimental adsorption tests using seven anti-
biotics featuring varying aromatic ring counts (TC, OFL, AMX,
SMZ, SDZ, CIP, and SMX). Experimental observations revealed
that TC and OFL (both containing four aromatic rings) exhib-
ited the most rapid adsorption kinetics, while SMX and CIP
(each with one aromatic ring) showed the slowest uptake rates -
findings that precisely mirrored the trends predicted by DFT
simulations. Additional confirmation came from fluorescence
microscopy imaging, which demonstrated nearly complete
FITC model compound quenching on graphene surfaces within
30 min, further corroborating the predominance of n—r adsorp-
tion mechanisms. A particularly significant discovery involved
the adsorption strength being sufficient to induce localized
“dehydration” effects, whereby aromatic rings could effectively
displace weakly bound water molecules, thereby enhancing
both adsorption selectivity and stability in aqueous environ-
ments. Through comprehensive analysis of both experimental
data and theoretical calculations, the study established that
adsorption efficiency depends not only on antibiotic aromatic
ring density but also critically on carbon material surface
characteristics. High-temperature carbonized biochar (e.g., pro-
cessed at 1000 °C) with greater aromatic ring density demon-
strated markedly enhanced n-m interaction -capabilities.
Consequently, strategic optimization of pyrolysis temperature
and precise control over graphitization degree emerge as cru-
cial parameters for designing biochars with superior selectivity
toward conjugated antibiotics. This research exemplifies how
DFT modeling can transcend single-interaction simulations to
establish quantitative structure-activity relationships between
molecular architecture and adsorption performance - achieve-
ments that remain challenging to accomplish through purely
experimental approaches.

In contrast to the theoretical clarity achieved with ideal
materials like graphene, real-world biochars exhibit far greater
structural complexity, frequently featuring abundant surface
defects, mixed functionalities, and potential for chemical trans-
formation. To bridge the gap between modeling assumptions
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and actual material behavior, Hu et al.>** explored a more
application-relevant system: iron-activated beechwood biochar
(Fe-BC-800) for adsorbing sulfonamide antibiotics such as
sulfamethazine (SMZ) and sulfamerazine (SMR). Their compu-
tational approach employed Materials Studio with the Dmol?
module, an all-electron quantum simulator particularly suita-
ble for inorganic materials and metal-doped carbon surfaces.
The simulations used the GGA-PBE exchange-correlation func-
tional with the DNP basis set and incorporated spin-polarized
settings to accurately model unpaired electron states at iron
sites. A 20 A vacuum layer along the z-axis eliminated interlayer
interactions in the vacuum-state system. After optimizing SMZ
and SMR structures via the BFGS algorithm, the researchers
evaluated adsorption energies using the equation:

Eags = ESMZ@biochar - (Ebiochar + ESMZ) (7)

where Esyzabiochar I€presents the total adsorption energy,
Ebiochar denotes the functionalized biochar energy, and Egyz
corresponds to the optimized antibiotic energy. Results
revealed maximum adsorption energies at -Fe-O (—35.8 kcal
mol™") and -OH (—32.1 kcal mol™') sites, where SMZ/SMR
amino groups acted as proton acceptors forming strong hydro-
gen bonds with oxygen atoms while aromatic rings maintained
parallel orientation to the biochar’s m-plane, establishing n-n
stacking interactions. The study’s key innovation involved
density of states (DOS) calculations showing new energy levels
near the HOMO region post-adsorption, confirming electron
redistribution and chemisorption characteristics. Electrostatic
potential (ESP) mapping further identified electron-rich regions
at oxygen and iron functional groups, which served as electron
traps for positively charged antibiotic moieties. These analyses
demonstrated iron’s dual role as both an oxidation catalyst and
a surface polarization enhancer, strengthening biochar’s inter-
action with charged antibiotic functional groups. Beyond prov-
ing Fe-functionalized biochar’s efficacy for sulfonamide
adsorption, this work established DFT’s utility for simulating
electron density changes at functionalized sites - a crucial
factor determining real-world material performance. This
approach proves particularly valuable for complex wastewater
treatment scenarios where adsorption mechanisms transition
from purely physical to electronically activated processes
requiring quantum-level understanding.

While existing research has demonstrated the potential of
designed and functionalized biochar for optimizing aromatic
antibiotic adsorption through hydrogen bond formation and
n-n stacking mechanisms, a critical gap remains in under-
standing how environmental conditions - particularly pH -
influence the electronic nature of adsorption processes. In real
wastewater systems, pH variations simultaneously alter anti-
biotic ionization states and biochar surface protonation levels,
dramatically modifying electronic interaction capacities.
Addressing this knowledge gap, Li et al>** employed DFT
modeling to examine how different functional groups (-COOH,
-OH, and n-ring) on corncob biochar influence SMX adsorption
under alkaline conditions where SMX primarily exists in anio-
nic form, favoring ionic/n-bond formation with electropositive

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 12 Equilibrium adsorption structures and corresponding elimination energies of SMX on biochar. (a)-(d) Different adsorption configurations
between neutral SMX and biochar; (e)—(h) various binding modes of the protonated SMX* with biochar; (i)-(l) interactions of deprotonated SMX~ with
—OH/-COOH functionalized biochar; (m) a sandwich-like configuration involving biochar—SMX—-biochar assembly (reproduced from ref. 243 with

permission from Elsevier, copyright 2023).

surface sites (Fig. 12). Their simplified yet chemically repre-
sentative model featured common functional groups on a
monolayer graphene substrate. Calculations were performed
using Gaussian 09 with the B3LYP functional and 6-31+G(d,p)
basis set. Following geometric optimization of SMX-biochar
interaction structures, adsorption energies were measured uti-
lizing standard formulations:

Eads = ESMX@biochar - (Ebiochar + ESMX) (8)

Results revealed that at pH ~ 9.5, the -COO™~ group exhib-
ited the strongest adsorption influence (—34.2 kcal mol™"),
significantly outperforming —OH (—18.6 kcal mol ') and neu-
tral n-ring (—21.9 keal mol ") groups. This phenomenon stems
from dual proton loss: SMX loses sulfonamide amine protons
to become anionic while biochar’s -COOH groups deprotonate
to form -COO™, increasing surface negative charge density. The
DFT results further support the above finding, showing that the
uptake energy (E,qs) of -COO™ reaches —0.600 eV, significantly
higher than that of -OH (—0.277 eV) or -COOH (—0.361 eV).
This indicates that the -COO™ group not only acts as a strong
negative charge center but also forms strong coordination
hydrogen bonds with electron-rich regions on SMX, particularly
the isoxazole cyclic amine group. Remarkably, adsorption still
proceeds via coordinated electronic mechanisms, primarily via
n-n EDA interactions and hydrogen bond formation at bio-
char’s electron-rich regions. Multiwfn-generated electrostatic

© 2025 The Author(s). Published by the Royal Society of Chemistry

surface potential (ESP) maps clearly visualized this charge
redistribution, showing strong polarization at -COO~ and n-
electron regions that serve as dominant adsorption sites for
SMX’s positively charged moieties, particularly the isoxazole
ring amine group. The differential charge density map in the
DFT simulation further elucidates the electron donor-acceptor
forces that occur between SMX and biochar. Yellow regions on
SMX indicate electron-accepting sites, whereas blue regions on
biochar correspond to electron-donating areas, underscoring
the critical role of n-m EDA interactions in the elimination
process. Notably, among the tested configurations, the planar
arrangement of SMX, where the two aromatic rings are aligned,
exhibits a significantly higher adsorption energy compared to
orthogonal or V-shaped configurations. Specifically, the planar
configuration yields an E,q4 value of —0.257 eV, demonstrating
that optimal alignment for n-r interactions is the key determi-
nant of adsorption efficiency. The study further demonstrated
pH’s profound impact on the system’s frontier molecular
orbitals. Under acidic conditions, a large HOMO-LUMO gap
between SMX and biochar corresponded to weak interactions.
Alkaline conditions caused SMX’s HOMO to shift upward and
biochar’s LUMO downward, reducing AE and enhancing elec-
tron donor-acceptor capabilities - the key driver of improved
EDA-mediated adsorption. The theoretical basis also demon-
strates that at high pH levels, the anionic state of SMX and
biochar leads to an improvement in the HOMO of SMX and a
decline in the LUMO of biochar. This arrangement reduces AE
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and enhances the likelihood of electron exchange, explaining
why adsorption is more effective under alkaline conditions.
This pH-dependent electronic structure modulation suggests
that wastewater treatment optimization could be achieved
through operational pH adjustment rather than relying solely
on material properties. These DFT-derived insights not only
elucidate biochar functional group roles but also establish that
electronic interaction capacities are environmentally depen-
dent, particularly on pH. Moreover, a slit-like pore biochar
model composed of two parallel graphene layers (~1 nm
spacing) was employed to simulate the ‘pore-filling’ effect.
The model exhibited an adsorption energy of —0.419 eV,
surpassing that of neutral n-n interactions but remaining
weaker than 7'-n or (C)AHB interactions. These findings high-
light the significant role of pores in the adsorption mechanism,
particularly under neutral pH conditions or in systems with
limited active functional groups. Consequently, optimal anti-
biotic adsorption requires simultaneous consideration of mate-
rial design and physicochemical operating conditions -
significantly expanding practical application potential. This
work powerfully illustrates DFT’s dual utility as both a funda-
mental interaction probe and a predictive tool for adsorption
behavior under variable conditions, offering insights beyond
the reach of purely experimental approaches.

Research by Li et al demonstrates that environmental
factors such as pH can alter charge redistribution during
antibiotic adsorption on biochar. However, real-world waste-
water from hospitals, agriculture, and industry presents a more
complex challenge, as it typically contains mixtures of antibio-
tics, heavy metals, and other pollutants. These complex systems
can alter pollutant molecular structures through ligand effects
and also affect the electronic characteristics of the material.
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Within this framework, the study by Zhao et al.>** provides a
critical connection between single-compound adsorption
research and real-world environments by using DFT modeling
to investigate the simultaneous adsorption of antibiotics such
as oxytetracycline, sulfamethazine and amoxicillin with metal
ions like Zn** and Cu®" on biochar derived from rice straw
activated at 700 to 800 °C. The authors used DFT to examine the
role of functional groups with oxygen atoms on biochar,
including carboxyl, carbonyl, and hdroxyl groups, in forming
ligand bonds with both antibiotic and metal species (Fig. 13).
Calculations were carried out in Gaussian 16 software using the
B3LYP functional, which offers a balance between accuracy and
computational cost, along with the 6-31+G(d,p) basis set for
light atoms and LANL2DZ for metals. The model system con-
sisted of a biochar cluster bearing optimized functional groups,
which were allowed to interact with antibiotics in the presence
or absence of metal ions. Adsorption energy was determined
using the extended equation for a three-component system:
Eaas = Ecomplex - (Ebiochar * Eantibiotic T Emetal ion) (9)

where Ecomplex iS the total energy of the combined system and
the other terms represent individual component energies. The
results indicated that adding Zn** or Cu®" significantly
enhanced adsorption energy compared to metal-free systems.
For example, the adsorption energy of sulfamethazine on
-COOH modified biochar was —28.4 kcal mol ' and increased
to 42.7 kecal mol " in the presence of Cu®". This enhancement is
attributed to a dual-site ligand mechanism in which the metal
ion bridges the carboxyl group on biochar and the amino or
phenolic site on the antibiotic, forming a stable five or
six-membered chelate ring. Additionally, HOMO and LUMO
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Fig. 13 The interaction geometries between antibiotics (such as AMX, OTC, and SMT) and biochar (reproduced from ref. 244 with permission from

Elsevier, copyright 2023).
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simulations revealed that the HOMO energy level of the anti-
biotic shifted closer to the LUMO of biochar after ligand
formation, suggesting favorable electron transfer from the
antibiotic to the adsorbent.

When metal ions were introduced, the LUMO level of the
system decreased further, reflecting enhanced electron-
accepting capacity consistent with the role of Zn** and Cu**
as central acceptors in coordinate bonding. The electrostatic
potential map showed negative charge localization around
carboxylate and carbonyl oxygen atoms on biochar while Zn>*
held a positive charge at the center, which strengthened
electrostatic attraction and ligand coordination. One important
result of this investigation is the comparison of different
functional groups on biochar. DFT results demonstrated that
the carboxyl group formed the strongest interaction with both
the antibiotic and the metal ion, followed by hydroxyl and then
non-activated carbonyl groups. These theoretical results align
with experimental data obtained from XPS and FTIR, confirm-
ing the dominant role of the carboxyl center in resonance-based
adsorption. Moreover, all adsorption energies in the biochar-
antibiotic-metal ion complexes exceeded —40 kcal mol ™", sur-
passing the threshold for physical adsorption and indicating a
stable chemisorption process. Zhao et al.’s study advances the
understanding of multicomponent pollutant systems and
shows that interactions between antibiotics and metal ions
can enhance overall adsorption performance, a phenomenon
often difficult to observe through conventional experiments.
DFT proves essential in modeling electron states and ligand
structures as well as in quantifying binding energies, thereby
offering insights with real-world significance. Therefore, DFT is
no longer just a complementary method but serves as a central
tool in the design and evaluation of biochar adsorbents for
environmental decontamination where adsorption processes
are increasingly complex.

3.3. Mechanism

Antibiotic contaminants in water attach to surfaces via
chemical or physical interaction processes. Physical adsorp-
tion, which occurs less frequently, takes place when less polar
antibiotics associate with nonpolar sorbents including carbon
nanotubes or minerals. The performance of this technique
depends on the adsorbent’s surface area.>*> Chemical or inter-
active adsorption is more common because antibiotics have
vacant sites including functional groups and electrostatic
regions containing atoms like nitrogen, sulfur, or oxygen.>*®
Several interactions including van der hydrogen bond for-
mation, Waals forces, and electrostatic attraction contribute
to the isolation of these substances.**” Biochar facilitates the
adsorption of antibiotics through mechanisms like surface
complexation, hydrophobic effects, pore filling, n-n interac-
tions, electrostatic forces, hydrogen bond formation, and ion
pair formation.**®**° Recent studies have pointed out that
these mechanisms often act concurrently and are largely
dependent on the type of biomass used, the pyrolysis condi-
tions, and subsequent surface functionalization.”**>**" Notably,
the combined contributions of pore filling, electrostatic

© 2025 The Author(s). Published by the Royal Society of Chemistry
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attraction, and m-m interactions have been identified as the
principal routes governing antibiotic adsorption onto biochar.>*>

3.3.1. Surface complexation. Antibiotics and DNA can form
complexes with metal species both in solution and on the
biochar’s interface, which promotes uptake capacity and is
considered a form of ligand exchange.>®® Multiple investiga-
tions have shown that the occurrence of metal species in
solution enhances the removal of TC by forming metal ion-TC
complexes.>”” In addition, metal species can bind with phos-
phate groups in DNA to form inner sphere complexes, which
reduce electrostatic repulsive forces between DNA and make
them easier to adsorb onto the surface or into the pores of
biochar as compact structures.>”® Many recent studies have
shown that oxygen-containing functional groups, such as car-
boxyl (-COOH) and hydroxyl (-OH) groups, on the biochar
surface can coordinate with soluble cations (e.g., Fe**, Ca*",
or Zn**).>®*>¢ This coordination facilitates the formation of
stable intragranular complexes with antibiotic molecules. For
instance, Li et al. (2022) demonstrated that Ca** can act as a
cation bridge between tetracycline molecules and the carboxyl
groups of biochar, which significantly enhances adsorption
efficiency through a complexation mechanism.>” Recent
reviews underscore that biochar modified with metal ions or
rich in iron oxides often demonstrates enhanced antibiotic
adsorption efficiency. This is primarily attributed to a strength-
ened complexation mechanism, which is particularly effective
in slightly acidic environments where complexation with anti-
biotic functional groups is favored.>”® Complexation occurring
on the material surface plays an important role in this process,
particularly for modified biochar. Wei et al.>*° showed that
iron-containing phases such as Fe-O and Fe-OOH in sludge-
derived biochar can form complexes with TC, thereby improv-
ing treatment efficiency.

3.3.2. Electrostatic forces and charge regulation. The ioni-
zation of pollutants such as antibiotics in solution is strongly
influenced by pH and the electrostatic repulsive forces between
them and the material’s surface. This also affects the interface
properties of the material.*’*°® The pH zero charge point
(PHp.c) values of two biochars introduced by Qing Ge et al.>**
and Alsaiari et al.,>** including KOH modified bamboo biochar
and MOF grafted magnetic biochar, were 6.68 and 5.76, respec-
tively. In cases where the environment has a pH value less than
the pH,,., the surface of APB and PB is positively charged,
which facilitates the elimination of negatively charged pollu-
tants. For example, the CIP molecule exists primarily as a cation
at pH less than 6.16, an amphoteric form between pH 6.16 and
8.74, and an anion at pH greater than 8.74.>°* DNA could also
be sorbed onto biochar via electrostatic repulsive forces, as
discovered by Wu et al. (2022a)*"* and Lian et al. (2020).>°** DNA
has an isoelectric point at around pH 5.0. At pH values below
this point, the functional groups on DNA are protonated,
making it positively charged. In contrast, the biochar surface
is generally negatively charged at pH values above 3.0. There-
fore, at pH around 4.0, both DNA and biochar have a lower
negative charge, reducing electrostatic repulsion and enhan-
cing adsorption capacity.>**?%°

Mater. Adv., 2025, 6, 8839-8876 | 8859


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ma00872g

Open Access Article. Published on 06 Oktober 2025. Downloaded on 13.02.2026 21:25:46.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review

In addition, the salt bridges formed via cations such as
metal cations can act as a bridge between biochar and anti-
biotics. The biochar’s surface features negatively charged OH
and COOH groups, while the sulfonic acid groups on antibio-
tics are also negatively charged, resulting in electrostatic
repulsion.”®® However, cations in solution can reduce this
repulsion and enhance the adsorption interaction by acting
as salt bridge mediators. Li et al. (2025) demonstrated that the
presence of dissolved cations (Ca®>" and Zn”*) can act as a cation
bridge, which mitigates electrostatic repulsion and thus
enhances the adsorption capacity.”®” Zhang et al. (2023) also
pointed out that the formation of a salt bridge between the
sulfonic group of antibiotics and the -COOH/-OH group on
biochar via metal ions is an important factor in stabilizing the
adsorption complex.*®® Fang et al.**> demonstrated this using zeta
potential and FTIR spectra. As the cation concentration increased,
the zeta potential of biochar decreased significantly, reflecting the
weakening of electrostatic repulsion. Simultaneously, the FTIR
analysis revealed that the absorption band related to the C-OH
group of biochar became broader in the presence of metal cations,
confirming the formation of a salt bridge between metal cations
and polar functional groups of antibiotics.

3.3.3. Ion exchange. The ion exchange mechanism in the
attachment of antibiotics onto biochar and its decorated var-
iants is a key process that contributes to enhancing the
efficiency of removing trace pollutants from aquatic environ-
ments, particularly antibiotics.>*>?”° Biochar materials that are
generated via the pyrolysis of organic biomass under anaerobic
conditions typically contain inorganic cations such as potas-
sium, magnesium, sodium, and calcium as well as sometimes
anions such as chloride, nitrate, or phosphate, depending on
the feedstock and pyrolysis conditions.””* These ions are
mainly present as loosely bound species on the material surface
or embedded within the pore network and capillary structure of
the biochar, enabling them to exchange readily with other ions
in the solution, including ionizable functional groups from
antibiotic molecules. In modified biochar, which is functiona-
lized with acids such as H,SO, or HCI, bases such as KOH or
NaOH or with materials containing specific functional groups
like carboxyl, hydroxyl, sulfonic, or amine groups, the ion
exchange capacity is significantly improved due to the intro-
duction of more active sites with higher charge density and
increased structural flexibility.>”> Experimental studies have
confirmed this mechanism. For instance, Premarathna
et al.>” utilized clay minerals to decorate biochar and observed
that cations located between clay layers could be readily
exchanged with positively charged ions in solution, thereby
enhancing the adsorption process. Likewise, Guo et al.?”* found
that under acidic conditions, tylosin, a positively charged
antibiotic molecule at pH below 7, was effectively adsorbed
onto biochar modified with goethite through both cation
exchange and electrostatic interactions. Another work by Li
et al.*’* demonstrated that the positively charged piperazine
rings of CIP interacted with ion exchange sites on the biochar
surface, confirming the contribution of ion exchange under
neutral to mildly acidic pH conditions. This ion exchange
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mechanism depends not only on the charge characteristics of
the antibiotic and the environmental pH, but also on the
buffering capacity, ionic strength, the occurrence of competing
ions, and the molecular structure of both the sorbate and the
adsorbent. Thus, understanding the ionic composition of bio-
char and the nature of charge interactions between its anti-
biotic molecules and functional groups provides an essential
scientific foundation for designing highly efficient adsorbent
materials and optimizing operating conditions for the treat-
ment of antibiotic-contaminated water.*””

3.3.4. Pore confinement and diffusion mechanisms. The
pore confinement and diffusion mechanisms in the attachment
of antibiotics onto biochar and its decorated variants are
essential physical processes that control the accessibility, trans-
port, and ultimate retention of antibiotic molecules in the pore
network of the adsorbent. Biochar typically possesses a hier-
archical pore structure consisting of mesopores (between 2 and
50 nm), macropores (greater than 50 nm), and micropores (less
than 2 nm),>”® which are formed during the pyrolysis of organic
biomass in an anaerobic or a hypoxic environment. The dis-
tribution, volume, and connectivity of this pore system are
strongly influenced by the composition of the precursor, the
temperature of pyrolysis, and the post-treatment modification
methods.?”” In addition, metal ions (Ca*" and Mg**) or charged
functional groups (COO~ and NH;") on the porous interface of
biochar facilitate the combination of electrostatic forces and
confined steric interactions, thereby enhancing the retention of
appropriately sized antibiotic molecules.””® Antibiotic mole-
cules, depending on their size, shape, and hydration radius,
can penetrate into various types of capillaries to different
extents. Among these, micropores play a key role in providing
large surface areas and high-energy adsorption sites, while
mesopores and macropores facilitate the transport of mole-
cules by reducing diffusion resistance and shortening the time
required to reach the active sites.>”> Modified biochars, espe-
cially those that are chemically or physically activated, often
exhibit larger surface areas, increased capillary volumes, and
more favorable pore size distributions, which enhance the
accessibility of antibiotic molecules to adsorption sites.

Molecular entrapment occurs when antibiotic molecules
become confined within narrow capillaries, thereby strength-
ening physical interactions including hydrogen bond for-
mation, van der Waals forces or pi-pi interactions due to the
close proximity between the capillary walls and the molecules.
This spatial confinement extends the retention time of anti-
biotics within the pore structure, thus improving the adsorp-
tion efficiency. For example, Guo et al.>’® discovered that CIP
molecules could enter the mesoporous system of biochar
derived from fish scales and were stabilized through multiple
simultaneous interactions within the confined capillary space,
significantly enhancing adsorption efficiency. Similarly, Feng
et al.*® reported that NOR was effectively adsorbed in the
microporous region of loofah-derived biochar, where geometric
constraints and limited diffusion played a critical role in
increasing both selectivity and retention of antibiotic mole-
cules. Furthermore, the diffusion process of antibiotics into the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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biochar structure comprises several stages, including diffusion
across the external film of the adsorbent, internal particle
diffusion, and diffusion within the capillary system, all of
which are affected by the physicochemical characteristics of
both the material and the antibiotics. The interaction between
pore-based molecular confinement and diffusion mechanisms
becomes particularly significant at low pollutant concentra-
tions, where steric effects and slow transport rates enhance
apparent adsorption performance. However, at higher concen-
trations of pollutants or in the presence of competing sub-
stances, capillary blockage and limited diffusion can reduce
adsorption efficiency. Therefore, understanding the pore archi-
tecture and the kinetics of diffusion is fundamental for opti-
mizing the design of biochar-based adsorbents. This
knowledge supports the development of materials with tailored
pore systems and surface functionalities to maximize transport,
retention, and molecular interactions with antibiotics, ulti-
mately improving the treatment of micropolluted water.

3.3.5. m-mw electron donor-acceptor interactions. n-n stack-
ing is a non-covalent, weak intermolecular interaction that is of
vital importance in the elimination mechanisms of aromatic
contaminants, particularly through interactions between
electron-rich and electron-deficient aromatic systems. On the
surface of biochar, functional moieties such as carboxyl, nitro,
and ketone groups frequently function as m-electron acceptors,
facilitating m-m electron donor-acceptor (EDA) interactions
with aromatic pollutants. For example, in the work by Yan
et al.,”®" biochar fabricated from barley straw via phosphoric
acid impregnation and microwave treatment exhibited distinct
n-n and n-n interactions between its surface carboxyl groups
and the aromatic rings of NOR. These interactions were evi-
denced through C and O K-edge X-ray absorption near-edge
structure (XANES) spectroscopy, underscoring the pivotal role
of EDA mechanisms in the adsorption process. Similarly, Chen
et al.>®*> demonstrated that TC can be effectively eliminated by
3D PPY/CMC aerogels, where adsorption was primarily
governed by m-m EDA interactions in both sandwich and
parallel-displaced configurations. This was supported by
density functional theory (DFT) calculations and frontier
orbital theory, revealing that these interactions contributed to
high uptake performance across a broad pH range.
Furthermore, Li et al.*®® reported that biochar activated with
phosphoric acid exhibited a significant enhancement in the
proportion of n-n interactions from 35 to 48% at pH 2 which
was accompanied by an increase in oxygenated functional
groups (notably -COOH), thereby improving SMX adsorption
efficiency. Collectively, these findings highlight the positive
correlation between the density of oxygen-containing
functional groups on biochar surfaces and the strength of
n-n EDA interactions, which in turn enhances the sorption
capacity for aromatic pollutants. Moreover, physicochemical
parameters such as pyrolysis temperature, carbonization
degree, and surface modification strategies influence the
n-electron distribution on the carbon framework. Typically,
biochar prepared at temperatures below 500 °C tends to
behave as a m-electron acceptor, whereas materials produced

© 2025 The Author(s). Published by the Royal Society of Chemistry
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above 500 °C often exhibit n-electron donor characteristics due
to the formation of more electron-rich conjugated domains.>
Thus, the optimization of thermal processing conditions and
surface chemistry is essential for tailoring the electron-
donating or -accepting behavior of biochar, and ultimately for
maximizing adsorption performance via n-m electron donor-
acceptor mechanisms.

4. Comparison of various biochar-
derived adsorbents

The comparison of the adsorption capacity of various biochar
types for different antibiotics reveals a significant diversity in
efficiency (¢max) (Table 3), which depends on the origin of the
raw material, the modification method, and the surface struc-
ture of the biochar. Traditional biochar adsorbents such as
those derived from sewage sludge, bagasse, bamboo, banana
peel, or wood often exhibit low to medium adsorption capa-
cities, typically ranging from 7.91 to 120 mg g~ *. For instance,
biochar from sewage sludge adsorbed only 8.69 mg g ' of
NOR,**® while biochar produced from bagasse adsorbed
105 mg g~ ' CIP.>*° Some chemically activated or specially modified
biochars, such as those made from cow dung, rice husks, or
sunflower seed husks, revealed a clear improvement in uptake
capability. As an example, H;PO,-activated sunflower seed husk
biochar achieved an uptake amount of 429.3 mg g~ * for TC.>””

A key highlight of this review is the superior performance of
highly modified biochars, especially those doped with heteroa-
toms or nanomaterials. For example, MnCl,-impregnated bio-
char reached 534 mg g~ *,*”° while N,S co-doped biochar achieved
an outstanding 1490.10 mg g~ ' for TC.?®*® These results suggest
that the incorporation of heteroatoms such as nitrogen, sulfur, or
transition metals can create highly active surface sites, while also
altering the electronic structure, surface area, and functional
group density, all of which play essential roles in the adsorption
mechanism. Particularly, graphitic biochars such as porous gra-
phitic biochar (1122.20 mg g~ ")*®* and N-doped graphitic biochar
(1377.83 mg g~ for SMX and 1070.40 mg g~ ' for CIP)*®** exhibit
far greater adsorption efficiencies compared to conventional
biochars due to their enhanced conductivity, high porosity, and
strong n—m interactions with the aromatic structures of antibiotics.

Current research trends focus on developing hybrid or
advanced functionalized adsorbents, including metal-doped
biochars (Fe/N, Mg/Fe, K-FeO,), biochars combined with nano-
materials (such as g-MoS, or hydroxyapatite), and biochars
derived from unique organic sources like traditional Chinese
medicine residues, dye waste, or agricultural by-products rich
in functional groups. These materials not only enhance adsorp-
tion performance but also offer promising potential for reuse
and practical applications. For example, biochars derived from
dyeing sludge or other functionalized sources can reach adsorp-
tion capacities exceeding 1000 mg g *,**"?%2 making them
highly attractive for treating heavily polluted wastewater.

Based on the summarized data, it becomes obvious that
biochar adsorption performance depends closely on three main
factors. The first is the type of antibiotic, particularly those with
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Table 3 Adsorption capabilities of various biochar-derived adsorbents
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Adsorbents Antibiotics Gmax (Mg g 1) Ref.
Fe oxide/biochar Macrolide 7.91 284
Sludge-derived biochar NOR 8.69 285
Chitosan-biochar composite SMX 14.73 286
Ball milled biochar Sulfapyridine 57.90 287
HNO;-modifitied biochar Sulfonamides 40.00 288
N-doped magnetic biochar SMX 42.90 289
Bamboo biochar FQ 45.88 290
H;PO,-activated cow dung biochar CIP 53.89 291
Fe/N grafted biochar CIP 46.45 292
Alkali-modified biochar BPA 71.43 260
B6-upgraded biochar TC 76.92 293
Wood biochar TCH 84.54 294
MgFe,0,-magnetic biochar SMX 50.75 295
TC 120.36
Bagasse biochar CIP 105 296
Metal doped-sewage sludge biochar AMX 109.89 297
TC 123.35
SMX 99.01
Banana peel-based biochar Doxycycline (DO) 113.60 298
Coffee ground biochar TC 113.64 226
Co-gadolinium modified biochar TC 119.05 188
Hydroxyapatite modified biochar Tylosin 135.13 299
Herbal medicine residue-based biochar TC 188.70 300
OoTC 129.90
Chlortetracycline 200.00
H;PO, activated-biochar SMX 191.00 283
g-MoS, decorated biochar TCH 245.49 301
NiFe,O4/biochar TC 420.41 302
Rice straw biochar CIP 131.58 303
DO 432.90
H;PO,-activated sunflower seed husk biochar CIP 361.6 304
Ibuprofen 251.1
SMX 251.3
TC 429.3
K,FeO, modified biochar CIP 434.78 305
MnCl,-impregnated biochar TC 534.00 306
Caulis spatholobi biochar TC 830.78 307
Functionalized-biochar TC 835.70 308
Dyeing sludge-derived biochar TC 1081.30 309
Porous graphitic biochar TC 1122.20 310
N-doped graphitic biochar SMX 1377.83 311
CIP 1070.40
Corncob xylose residue-based biochar SMX 1429 312
N,S co-doped biochar TC 1480.10 313

aromatic rings or hydroxyl and amino groups that form hydro-
gen bonds and n-m interactions. The second involves the
structure and composition of the biochar including surface
area, functional group content, and the extent of modification.
The third relates to the processing and activation techniques
such as metal impregnation, heteroatom doping, acid or base
treatment, or pyrolysis at high temperatures to increase con-
ductivity and surface area. These insights suggest that future
studies should prioritize designing multifunctional biochars
with highly porous architectures, abundant heteroatoms, and
regenerative features to meet the increasingly complex
demands of real-world wastewater treatment.

5. Challenges and future directions for
biochar-based material utilization

While biochar is increasingly recognized as a versatile material
in fields ranging from soil remediation and pollution

8862 | Mater. Adv., 2025, 6, 8839-8876

adsorption to advanced technologies, there remain consider-
able challenges in achieving its large-scale practical applica-
tions. One major issue lies in the heterogeneity of feedstock
sources and pyrolysis conditions, which causes variations in
microporous structure, chemical composition, and biomecha-
nical properties.>"* These factors directly influence the adsorp-
tion efficiency, electrical conductivity, and mechanical strength
of the final material. Recent comprehensive reviews indicate
that the absence of standardized indicators for properties such
as functional group content, porosity, conductivity, and H/C to
O/C ratios has delayed the rational design of biochar for
specific uses. Nevertheless, this gap also opens new research
opportunities. Scientists are now developing molecular-level
models of biochar using computer simulations based on
experimental data. These models allow for the creation of
materials with controlled porosity and surface chemistry, opti-
mized for applications such as pollutant adsorption, electrical
conduction, and structural performance. When integrated with
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Biomass feedstock has high
hydrogen and oxygen content,
lowering combustion value.

Biochar stability and
environmental impact remain
unclear.

b

o

Chemical modification methods are
often hazardous and produce toxic
waste

Fig. 14 Current limitations and future perspecitves of biochar.

multi-criteria decision analysis (MCDA), these models help
identify optimal production conditions tailored for specific
sectors, including agriculture, environmental management,
construction, and energy. Another critical challenge is the
potential presence of residual pollutants such as phenolic
compounds, polycyclic aromatic hydrocarbons (PAHs), or metal
species.*”® This risk is especially high when using untreated
waste feedstocks or operating under low-temperature pyrolysis.
To minimize environmental impact, it is necessary to integrate
a comprehensive risk assessment process, standardize produc-
tion protocols in accordance with international frameworks
such as IBI, and employ pyrolysis equipment with precise
control over temperature and residence time. Another com-
monly overlooked limitation is that chemical modification
methods of biochar such as impregnation with strong acids,
bases, or transition metals can enhance surface activity and
adsorption capacity, yet also carry the risk of generating toxic
and hard-to-manage waste. This underscores the need to
develop safer, greener, and more environmentally sustainable
modification approaches.

In terms of real-world applications, biochar has demon-
strated broad potential (Fig. 14). It has been used in environ-
mentally friendly concrete and construction materials to
improve mechanical strength, enhance durability, and reduce
cement usage. Its multi-porous structure and surface func-
tional groups have also enabled the development of sound-
proofing and waterproofing solutions, as well as green
electronic components like electrodes for supercapacitors and
microbial fuel cells. Emerging directions include research into
using biochar in CO,-reducing cores for abandoned oil and gas
wells, leveraging its long-term carbon sequestration potential
and energy efficiency. Looking ahead, three essential directions
should be prioritized:

e Standardization and quality control: develop a set of key
indicators such as porosity, H/C-O/C ratio, particle size, and
surface functionality tailored to each biochar application (e.g.,
water treatment, soil improvement, electrodes, or building
materials). Establish systems to assess performance under
long-term field conditions.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Optimize pretreatment and
I is efficiency

1
i IBYEC

Study biochar stability, focusing
on polycyclic aromatic
hydrocarbons and heavy metals

Create more stable and efficient
nano-biochar and composites.

¢ Integration of fabrication, modeling, and experimentation:
use molecular simulation and MCDA to design application-
specific biochar. Strengthen pilot-scale testing to evaluate real-
time adsorption capacity, electrical conductivity, and interac-
tions in systems like concrete, electronic materials or agricul-
tural ecosystems.>'®

e Expansion into non-traditional applications: transfer bio-
char technologies into advanced material domains such as
energy storage electrodes, biodegradable conveyor systems or
corrosion-resistant carbon cores. Special attention should be
given to its potential role in the circular economy through
recycled composites, bio-based additives or emission-
neutralizing systems in heavy industry.

6. Conclusion

In the context of increasingly severe antibiotic pollution and
the limitations of conventional treatment methods, biochar has
emerged as a promising adsorbent material due to its porous
structure, low cost, and environmental compatibility. This
review has systematically summarized the advances in biochar
research, covering raw material selection, fabrication methods,
and modification strategies including chemical activation,
electrochemical treatment, plasma processing, and atomic
doping. Notably, advanced modification techniques have
greatly enhanced the efficiency of antibiotic adsorption by
improving surface area, increasing the density of functional
groups, and strengthening molecular interactions. The integra-
tion of quantum computational tools, particularly density
functional theory (DFT), has provided insights into adsorption
mechanisms at the atomic level and offered a new approach for
designing optimized biochar materials. Furthermore, the
combination of biochar with emerging materials such as MOFs
and MXenes is identified as a promising direction, especially in
improving selectivity and efficiency for the sustainable removal
of antibiotic compounds. Despite these developments, several
challenges remain including the practical applicability, long-
term stability, and environmental safety of the spent adsor-
bents. Future research should therefore focus on optimizing
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material structures, expanding the use of quantum mechanical
modeling, and conducting pilot-scale experiments to develop
more effective and sustainable wastewater treatment solutions.
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