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NOISIAI

remain in the environment for a longer period. These pollutants disrupt ecosystems, pose

risks to human health, and continue to accumulate if they are not treated properly. Many
conventional remediation methods are costly and often generate secondary waste, which limits
their practical use. As a result, researchers are increasingly exploring sustainable and
environmentally friendly alternatives. This review discusses an integrated-microbial-biochar
system as a promising approach for wastewater and soil remediation. Biochar produced from
materials such as sewage sludge, oil-field drilling mud, and agricultural residues offers a highly
porous and chemically active surface that can effectively bind heavy metals (Cd, Cu, and Zn)
as well as a wide range of industrial dyes. In addition, microbial strains such as Acinetobacter
sp. and Bacillus subtilis play an important role in degrading organic pollutants, restoring
enzymatic activity and contaminated soils, and improving nutrient cycling. Recent
developments, including biochar-microbe beads and composite bioreactor systems, have
shown better performance than biochar or microbes used alone. These combined systems
enhance microbial survival, reduce toxicity, and significantly improve pollutant removal
efficiency. By summarizing recent findings on pyrolysis conditions, microbial immobilization
techniques, and pollutant removal behavior, this review highlights the potential of hybrid
remediation strategies. Emerging modifications, such as magnetic chitosan-modified biochar,
are also discussed as future directions to further strengthen integrated remediation systems.
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Introduction:

The industrial revolution generated substantial economic benefits; however, these
advancements also imposed significant environmental burdens. Large volumes of wastewater
are discharged daily from textile tanneries, petrochemical industries, metal finishing
operations, and mining activities, introducing a wide range of pollutants into natural
ecosystems. These types of effluents contain heavy metals (e.g., Cd, Pb, Zn, and Cr) and dyes
that resist chemical and biological breakdown. They interfere in ecological processes, limit
biodiversity, and impact food security when accumulated in soil and water. In seawater, dyes
can block sunlight from entering and reduce gas exchange for microorganisms, and weaken
the food chain base. In soil, metals suppress the activity of biological agents, disrupt nutrient
cycling, and damage plant health. Techniques such as membrane filtration, chemical
precipitation, and advanced oxidation are widely employed for wastewater treatment; however,
they are not considered sustainable. Most of these methods require high energy or chemical
inputs and produce substantial amounts of secondary sludge that must be safely disposed of.
Consequently, researchers have increasingly shifted their focus towards developing treatment
materials and technologies that are both cost-effective and environmentally friendly. One such
development is biochar, which is made through low-oxygen conditions and by heating biomass
such as crop residues, wood waste, and sewage sludge. The whole process in which high
temperature and anoxic conditions are provided for thermal decomposition of organic matter
to solid-char called pyrolysis. Depending upon the type of feedstock and temperature during
pyrolysis, biochar develops reactive surface groups, pores, and mineral compounds that help
biochar to bind with heavy metals and dye molecules. Thus, these properties make biochar a
good choice in the remediation process for treating waste in soil and water. Recently,
researchers used different techniques, such as combining biochar with microorganisms,
including Bacillus, Acinetobacter, and Pseudomonas, to check their performance and behavior in
contaminant removal. These microorganisms can convert toxic metals into less harmful
components by breaking their complex structures in the process of bioremediation.

The survival of microorganisms in industrial effluents is also detrimental because of
high pH, salinity, and toxic concentration [1]. However, biochar provides a protective surface
for bacterial attachment, making this combination effective enough to tackle industrial waste.
The porous structure of biochar helps to trap pollutants near microbial cells, that give better
access for the breakdown of contaminants. This interaction of biological agents and biochar
is viewed as more than a simple physical attachment. Several studies also help us in the
indication of biochar's influence on microbial communication. Microorganisms play a role in
electron transfer and stabilization of the local environment; they enhance pollutant removal
efficacy. Because of these benefits, the microbial-biochar system is now considered a more
competent method than the single one.[2]. Research on microbial biochar remediation has
largely been conducted under controlled laboratory conditions, which limits understanding of
its performance in complex real-world environments. Uncertainty remains regarding the long-
term stability of immobilized metals, particularly under changing pH and redox conditions. In
addition, the lack of standardized performance metrics and cost assessments makes it difficult
to compare these systems with conventional treatment methods. Addressing these gaps
through field-scale studies, integrated microbial monitoring, and long-term stability
assessment is essential for practical applications. The main aim of this review is to explore
how these two systems work, which factors influence their activity, and their comparison with
traditional treatment approaches. We examined recent findings that correlate with biochar
production conditions, microbial immobilization, pollutant behavior, and their application in
the real world.[3]. This article highlights the strengths and the challenges faced in remediation
strategies. That’s provide motivation to study and understand by experiment to check whether
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these hybrid methods can be adapted and scaled-up for industrial needs while remaining cost-
effective and environmentally sustainable.
Contaminants and Biochar System:

Industrial effluents typically do not contain a single toxin; rather, they comprise a
complex mixture of heavy metals such as cadmium, zinc, lead, mercury, and hexavalent
chromium (Cr VI) [4]. The industrial wastewater often contains not only heavy metals but also
organic dyes, including azo dyes and members of the reactive and basic dye families. Treating
such complex mixtures is challenging because each contaminant behaves according to its own
chemical properties. Some heavy metals may not degrade at all, while dyes typically break down
very slowly and can generate toxic byproducts. In this case, to address all these pollutants,
biochar provides a platform to mitigate the problem with flexibility. It is a form of charcoal
that is modified and intended for organic uses as in soil. It is a lightweight, black, porous
material composed primarily of carbon and mineral ash (Figure 1). Its performance is strongly
influenced by characteristics such as pore size distribution, mineral content, and surface
functional groups [5]. These properties can be controlled through the conditions used during
production. For example, pyrolysis temperature can create more aromatic carbons and a larger
surface area, which indirectly helps in the adsorption of complex dyes. Chemical activation,
such as treatment with KOH, can increase micro porosity and oxygen-containing groups that
bind metals strongly [6].

Biochar that is made from agriculture, sewage sludge residues, or algal biomass carries
a different composition. The mineral composition of biochar plays a critical role in influencing
both metal binding and nutrient release. Consequently, the origin of the feedstock is equally
important, as biochar produced from different biomass sources exhibits varying mineral
profiles. This is particularly relevant because the types and the proportions of pollutants
discharged from tanneries, electroplating units, mining operations, and textile industries differ
significantly. Researchers, therefore, often tailor biochar production and modification
techniques to match the specific contaminants they aim to remove. Overall, the combined
ability of biochar to immobilize heavy metals and adsorb complex dyes makes it a strong
candidate for treating industrial effluents, especially when used in conjunction with
microorganisms.

Table 1. The following table shows the integrated composition of Biochar

Component Description of Biochar Composition
Category
Carbon (C) 55-90%; predominantly in aromatic and polyromantic structures
formed during pyrolysis, providing stability and adsorption affinity
[5].
Hydrogen (H) 1-5%; present in residual aliphatic and volatile compounds [7].
Oxygen (O) 5-30%; forms functional groups such as hydroxyl, carbonyl,

carboxyl, and phenolic groups, influencing sorption and microbial
interactions [8].

Nitrogen (N) 0.1-3%; derived from proteinaceous biomass residues or microbial
sources; contributes to nutrient capacity and surface activity.
Ash/Minerals 2—-20%; contains Ca, Mg, K, Na, Fe, Si, Al, and P; responsible for

alkalinity, buffering capacity, and metal binding [9]

Surface  Functional | Carboxyl (-COOH), hydroxyl (-OH), carbonyl (C=0), phenolic,
Groups lactonic; facilitate metal complexation, dye adsorption, and
microbial adhesion [10].

Mineralogical Phases | Carbonates (CaCOs, K,COs3), silicates (SiO3), aluminosilicates,
phosphates (Ca—P complexes), metal oxides (Fe,O3, MgO).
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Aromatic Structures | Highly condensed aromatic rings formed during pyrolysis are
responsible for hydrophobicity, electron shuttling, and long-term
stability [11]

Porosity-Related Micro-, meso-, and macropore structures composed mainly of

Composition carbon matrices; porosity increases with pyrolysis temperature.

Volatile Matter Low proportion; decreases with higher pyrolysis temperature;
affects hydrophobicity and adsorption behavior.[12]

Fixed Carbon A major fraction contributing to structural rigidity, chemical

stability, and adsorption of organic pollutants.
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Figure 1. Biochar formation and modification processes illustrating improved pore structure
and adsorption of gaseous contaminants [13]

Biochar Production Properties:

The potential of biochar remediation is mainly governed by its production parameters
rather than its intrinsic properties [14]. Proper control over thermal conditions, activation
procedures, and feedstock selection enables the development of biochar tailored to target
specific contaminant matrices.

Temperature Effects:

Pyrolysis, defined as the thermal decomposition of biomass in the absence of oxygen,
converts complex organic material into simpler carbon-rich substances. Pyrolysis temperature
strongly influences structural stability, surface reactivity, and porosity of resulting biochar.
[15]. Lower temperatures between 300-500°C help preserve oxygen-rich functional groups
that are important for binding and removing heavy metals. In contrast, temperatures above
600°C speed up carbonization, increasing both aromatic structure and surface area. These
higher temperatures also create hydrophobic n domains that are especially effective for
capturing aromatic dyes through electron donor- acceptor interactions [16].

Activation Methods:

Physical and chemical activation techniques markedly improve the adsorption
efficiency of untreated biochar [17]. In physical activation, agents such as steam or CO2 are
introduced to widen and unclog pore networks, resulting in a pronounced increase in available
surface area for contaminant uptake. Whereas the chemical activation involves the
administration of acids, bases like KOH, or certain oxidizing agents like H3PO4 to
functionalize the carbon lattice via micro porosity.

Surface Chemistry and Functional Groups:

Biochar efficiency is greatly dependent on its surface chemistry. Molecules like
hydroxyl and carboxyl that contain oxygen-rich functional groups have a huge influence on
metal immobilization through ion exchange [18]. Similarly, the aromatic and graphitic domains
play their roles as a structural basis for the removal of organic contaminants by promoting the
dye adsorption through n-m interaction mechanisms.
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Characterization Techniques:
Characterization is essential for understanding the physicochemical properties and
evaluating the suitability of biochar for environmental applications such as pollutant
adsorption and soil remediation. The following table provides a detailed view of the standard
methodologies used to analytically examine the remediation potential of biochar.
Table 2. Principle Analytical Techniques for Biochar Characterization

Technique

Primary and

Relevance

Output

Application in Remediation Research

Brunauer-
Emmett-Teller

Specific surface area, pore

Used to predict sorption efficiency for

volume, and pore size | contaminants and to select optimal biochar
Surface Area |y eribution [19] feedstock or activation conditions [19)]
(BET)
Scanning Electron | High  resolution  surface | Confirms porous network development
Microscopy morphology ~ and  pore | and textural changes after activation or
(SEM) topology [20] modification [20]

Fourier Transform
Infrared

Identification of functional

Tracks chemical transformations during

groups (-COOH, -OH, - | pyrolysis and verifies surface interactions
Spectroscopy NH2, etc.) ost adsorption
(FTIR) > Cte p ption.
Bulk characterization: Detects inorganic
X-Ray Diffraction | Crystallinity and mineral | precipitates, assesses potential metal

(XRD)

phases [20]

immobilization, and monitors structural
changes [20]

X-Ray Surface characterization: Elucidates
Surface elemental | . . )

Photoelectron .. L. binding mechanisms, redox changes, and
composition and oxidation | . . .

Spectroscopy interactions  between  biochar  and
states .

(XPS) contaminants

Feedstock Selection Criteria:

In any process being regulated, the quality of the final product is actually defined by
the precursor molecules used to carry out the process. Feedstocks ranging from agricultural
residues to sludge are responsible for the accurate depiction of ash content, mineral load, and
heteroatom doping. These factors mainly affect the chemical adsorption pathways and
remediation mechanisms along with the microbial colonization stability [21].
Bacterial-Loaded Biochar:

Bacterial-enriched biochar functions as a combined system that connects active
microbial cells with the porous carbon framework. Building this setup greatly improves heavy
metal immobilization by merging microbial metabolic activity with physical and chemical
adsorption. Research shows that this hybrid strategy surpasses the natural phenomena
supported by biofilm stability and the production of extracellular polymeric substances (EPS)
under various environmental conditions and stress factors consistently observed [22].
Mechanisms of Bacterial Immobilization:

The remediation mechanism begins with the physical and chemical attachment of
microorganisms to the biochar surface. Biochars with high surface are such as those derived
from corn cobs, are often preferred because they provide an ideal substrate for microbial
colonization [23]. Bacteria lodge within micropores or mesopores leads to a reduction in the
effective  hydraulic retention time, ultimately establishing the localized redox
microenvironment. Once the attachment is facilitated, bacteria begin to proliferate and form
dense biofilms. The EPS secretion is necessary to chelate ions and carry out the metal
precipitation for the effective removal of contaminants within biogenic layers [24].
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Microbial Agents and Functional Diversity:

Bacterial taxa are mostly selected based on their specific enzymatic and resistance
properties [25]. Pseudononas putida has proved to be a reliable approach in carrying out azo dye
biodegradation and hexavalent chromium ion reduction. In acidic environments, Acinetobacter
$p., when coupled with grapefruit-peel biochar, shows effective removal of heavy metals like
Mn, Fe, Zn, and Cu. Bacillus subtilis and Escherichia coli are known to carry out cadmium
biodegradability in soil samples, along with a credible improvement in nutrient cycling and
plant growth.

Synergistic Remediation Pathways:

When bacteria are combined with biochar, a remarkable synergistic effect emerges,
significantly enhancing the overall remediation process [26]. Biochar acts as a multifunctional
platform, supporting microbial stability and viability while simultaneously helping to regulate
the conditions necessary for effective pollutant removal. This synergic effect is more likely to
be involved in the complete degradation of reactive dyes and chromium reduction in
continuous flow systems.

The immobilization of metals occurs through four primary mechanisms:

Adsorption: Surface functional groups such as iron oxides are known to provide high-affinity
sorption sites [27].

Precipitation: Metals are converted into insoluble hydroxides or oxide forms through the
conduct of both biotic and abiotic pathways [28].

Complexation: Carboxyl, hydroxyl, and amino groups present on both biomass and the
carbon surface are responsible for metal ions sequestration.[29]

Microbial Reduction: Bacteria proceed with the reduction of toxic compounds, such as
converting Cr (VI) to Cr (III), to facilitate the subsequent precipitation onto the matrix.[30]
Performance Metrics and Operational Factors:

Quantitative studies have revealed that co-immobilized biochar beads are exceeding
chromium removal rates at 99%, whereas the iron-oxide biochar nanocomposites can
accomplish full lead uptake in batch test [31]. In acidic mine waters, bioreactors are highly
effective in removing heavy metals such as manganese (Mn), iron (Fe), and zinc(Zn) by
facilitating their conversion into surface-bound precipitates. Moreover, the efficiency of these
processes is highly influenced by the environmental variables. Solution pH mostly affects the
metal speciation and surface charge, while contact time and influent concentration allow
breakthrough in the curves. Physiochemical properties of biochar, such as porosity and
functional group density, modulate overall kinetic performance.

Advantages over Conventional Sorbents:

Biochar enriched with bacteria is highly preferred over conventional biochar
remediation methods. The presence of microbial agents not only accelerates the
biotransformation of organic contaminants but also enhances the overall efficiency and
stability of the remediation process [26]. The result is the ability to manage complex and multi-
pollutant effluents more effectively and accurately than biochar alone.

Industrial Sludge Biochar:

Industrial or sludge-derived biochar employs the thermochemical conversion of
industrial and municipal wastewater sludge. The process implies the formation of porous and
surface-functionalized solids whose characteristics are defined by the sludge composition and
pyrolysis conditions [32].

Physicochemical Properties:

Sludge- derived biochar is known to have high mineral (ash) content along with a
surface rich in oxygenated functional groups (e.g., hydroxyl or carboxyl groups), which are
actually the binding sites for the contaminants [33]. The porosity and surface area of biochar
are strongly influenced by the conditions of pyrolysis. While higher pyrolysis temperature
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generally increases surface area, it can simultaneously reduce the abundance of surface
functional groups. On the industrial scale, sludge biochar causes the release of nutrients, e.g.,
K and certain metals, depending on pH, temperature, and solid-liquid ratio [34].
Mechanism of Contaminants Removal:

It also follows the synergistic mechanisms to support the contaminant removal.

Ion Exchange: Exchangeable cations (e.g., Ca +2 and Mg+2) are replaced by certain metal
ions (e.g., Pb+2 and Cd+2) [35].

Surface Complexation: Stable complexes are formed as a result of the binding of metal ions
to the oxygenated functional groups on the biochar surface [36].

Precipitation: Mineral-driven precipitation is promoted by factors like mineral-rich biochar
(with Ca and P). Mineral-phosphate precipitates are generally formed on the inner side of char.
Diffusion and Film Effects: The release or uptake of nutrient ions is mainly controlled by
diffusion through particle surfaces and liquid—film resistance. Ligand exchange and
electrostatic attraction also play a fundamental role in phosphate binding [37].

Performance Parameters:

Corn-cob biochar is produced at 400°C, this high temperature executes substantial
surface area along with micro porosity. This confirms that textural properties are often
maintained by the controlled temperature regulations [38]. The same biochar reduces the acid-
soluble fraction of heavy metals (Cr, Mn, Zn, and Cu) by large percentages, leading to effective
immobilization. In a soil experiment, sludge-derived biochar has proved to be a significant and
potential source for the removal of toxic elements (PTEs) in corn [39)].

Limitations, Risk, and Optimization Strategies:

As industrial sludge biochar contains high mineral content, there’s always a possibility
of leaching out if not properly managed. The addition of metal dopants can improve the
adsorption performance. Mostly zero-valent iron is used for the optimization as it introduces
more active sites, increases co-precipitation, and also enhances ion-exchange capacity [40].
The coordination between sludge-derived biochar and Nano-zero valent iron also regulates
the effective removal of nutrients through ligand exchange and precipitation [41].
Applications of Industrial Sludge Biochar:

It’s effective as a soil amendment to reduce the mobility of heavy metals and decrease
their uptake by plants, which eventually supports the remediation of contaminated soils [42].
It introduces long-term quality in polluted soils and improves the crop yield by reducing the
uptake of toxic heavy metals. In wastewater treatment, activated sludge biochar is applied to
remove emerging pollutants such as carbamazepine and 17 a- ethinyl estradiol (EE2) [43]. It
also acts as a slow-release fertilizer carrier by retaining nitrogen, phosphorus, and bio-
stimulants from sludge-based nutrient streams while improving the nutrient cycling
efficiency.[44]

Table 3. The following table shows the comparison between Bacterial-loaded Biochar and
Industrial Sludge Biochar

Aspects Bacterial-Loaded Biochar Industrial- Sludge Biochar
. A hybrid system that combines | Mineral-rich and pyrolysis-based sludge
Functional . . . . . : . . .
. biochar  sorption  with  active | with high physicochemical sorption
Basis . . . .
microbial metabolism [45]. capacity [46].
Physiochemical | High sutface area and micro-porosity | High ~ ash/mineral ~ content  with
Requirements | for microbial colonization [47] oxygenated surface groups [48].
EPS-derived metal chelation, | Ion exchange, mineral-driven
Mechanisms microbial enzymatic reduction, and | precipitation, surface complexation,
biofilm-associated precipitation [49]. | Diffusion-controlled uptake [50].
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Target Organic . pollutants (dy.es, Heavy metals (Pb, Cd, Zn, Cu), PTEs in
Contaminants | D harmaceuticals) ‘and redox-active soils, emerging contaminants [52]
metals (Cr, Mn, Fe) [51] ’
Biochar protects microbes from | Mineral fractions synergize with the
Synergistic toxins, enhances colonization, and | carbon matrix for co-precipitation and
Interactions concentrates pollutants with biofilms | immobilization mechanism [54]
53]
. Supports  the  self-regenerating | Low-cost scaling, consistent metal
Operational . . . . . .
biodegradation process, effective for | retention, enhances soil fertility, stable
Advantages .
dynamic wastewater systems [55] and long- term effects [50]
Biological stability is dependent on | High structure stability, i.e., mineral
System Stability | environmental stress; the biofilms | phases ensure long- term immobilization
may be disrupted [57] [58]
Safe handling of microbes and . o
. Concentrated contaminants in biochar,
o environmental  safety  concerns. . .
Limitations : ) .. ) possible leaching of heavy metals, and
Microbial activity may decline due to | 7. . .
. limited organic pollutant breakdown.
adverse conditions [59]
... Metal-resistant strains can be used, | Metal dopants (e.g., nZVI) can be used,
Optimization . . . . .
. incorporative redox- active biochar | pyrolysis temperature can be regulated
Strategies . .
types is efficient [60] [61]

Pyrolysis Parameters and Property Changes:
Structural Evolution caused by Temperature:

The carbon alignment is primarily caused by temperature. The biomass holds onto
various surface-bound oxygenated groups that supply acidity and increase affinity for
pollutants, which are polar at normal heating levels [62]. When the temperature elevates, the
volatile fractions evaporate, leading to the formation of condensed aromatic layers. This
advancement decreases the O/C and H/C ratios, enriches with the density of carbon, and
produces a strong, robust graphite-like matrix. High temperatures also lead to the entry of the
closed channels and expansion of pores, giving surfaces that are more approachable for
adsorption and catalytic engagement [63].

Effects of Heating Levels:

The low and high level of heat determines the internal structure. The slow heating
causes stable pores and a uniform internal structure as gases depart uniformly [64]. Rapid
internal component evaporation caused by accelerated heating expands the material and
creates high surface area char with complicated pore geometry. In other words, the final char
is compact and highly functionalized or highly porous and adsorption-oriented, depending
upon how the heating is provided
Impact Caused by Residence Time:

The level to which the maturity of the structure is increased depends upon the time
period of exposure. If the period of residence time is longer, then it leads to deeper
carbonization, which enables the carbon domains with robust crystallinity [65]. On the other
hand, the shorter residence time maintains labile groups that can take part in complexation,
redox processes, and ion exchanges. The balance between the aromaticity and chemical activity
is maintained by the residence time [66].

Feedstock Chemistry Influence:

Four factors, the mineral content, pH, aromatic fraction, and functional group
distribution of biochar, are strongly impacted by the origin of biomass [67]. A strong aromatic
substructure is produced by remnants rich in lignin. Char enriched with inorganic phases is
produced by feed stocks with high ash content. Microalgae, agricultural wastes, and woody
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materials each lead to the production of char with unique adsorption behaviors due to
differences in composition [68].
Activation Treatments Impacts:

The internal landscape of biochar is expanded by the activation methods named as
thermal or chemical. Dense networks of micro and mesopores are created by techniques using
steam, carbon dioxide, or different activating agents. The wastewater purification systems'
ultimate boosting performance is caused by the previous changes, which increase interaction

between pollutants and active sites [69].
Table 4. Temperature-Property Relationships of Biochar

Temperature | Main Properties | Surface Groups | Removal Behavior Notes (Refs)

Range

300—400 °C Low —COOH, -OH, Strong heavy-metal Best for Cd,
carbonization; phenolic binding by ion | Pb, Cu
low surface area; exchange and | removal
high O/C ratio complexation [16][19]

400-500 °C Moderate Mixed Good metal removal | Balanced
carbonization; oxygenated & | and moderate  dye | performance
rising porosity aromatic groups | adsorption [15][18]

500—-600 °C High surface area; | Graphitic carbon | Efficient adsorption of | Textile dye
aromatic dominates aromatic dyes via m—m | treatment
structure; low interactions [17][70]
volatiles

600-700 °C Highly A few functional | Metals stabilized into | Long-term Cr,
carbonized; stable | groups residual fractions Pb, Cd
graphite-like immobilization
matrix [71]]72]

=700 °C | Mineral-rich, Fe-oxides, Near-complete removal | Magnetic &

(modified) magnetic, or | aluminosilicates | of labile metal fractions | sludge biochar
metal-doped systems
biochar [73][74]

Methods of Eliminating Contaminants:

Biochar microbe systems purify effluents through a complex interplay of biological
transformations and abiotic interactions. Instead of operating separately, the two parts
combine their strengths to create a remediation platform that is both extremely effective and
ecologically friendly.

Physiochemical Interactions on Biochar Surfaces:

As a dynamic sorbent, biochar facilitates a variety of removal paths. By capturing
dissolved contaminants, the network of micro-, macro-, and mesopores immobilizes
molecules in small areas. Labile groups such as hydroxyl, carbonyl, and aromatic moieties
engage contaminants through processes including complex formation, hydrogen bonding, and
ligand exchange. Because of its pH dependent surface charge, biochar is attracted to positively
charged metals, dye ions, and other charged impurities by electrostatic forces. When pH is
changed, the biochar surface charge also changes, allowing for electrostatic attraction of
positively charged metals, dye ions, and other charged impurities. Metals are immobilized as
insoluble phases by additional mechanisms like precipitation, co-precipitation, and ion
exchange, which are facilitated by inorganic components embedded in biochar [69]. Through
n—n stacking planar molecules, including various dyes to improve stability and retention,
combine with various biochar’s aromatic domains [75].
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Microbial Degradation and Transformations:

Microorganisms release hydrolytic, oxidative enzymes that break down organic
contaminants, break down dye complexes, and decrease reactive species to much less reactive
forms by actively breaking down and converting pollutants. Microbial communities that are
living complement biochar. Intracellular sequestration, transmembrane pumping, surface
complexation, and valence state alteration are among the few tactics used by microbial cells.
These processes result in the immobilization, stabilization, or transformation of dangerous
ions into less reactive species.

Cooperative Relationships at the Biochar- Microbe Interface:

The microenvironment, which is suited to remediation in a unique way, is produced
by the joining of biochar and microbes. The surface of biochar is rough or uneven, which acts
as a perfect habitat for microbial attachment, allowing dense, resilient biofilms to form [70].
Polymeric materials with a wealth of functional groups that can bind metals, concentrate
organic pollutants, and lead to enzyme activity are released by biofilms [76]. The oxidation
reduction zones are generated by microbes while in the same way biochar increases electron
shuttling. Biochar reduces the bioavailability of dangerous substances while enabling the
microbes to reproduce and establish the metabolic activity even in bad industrial effluents [77].

BIOFILM

WATERBORNE
BACTERIA

%3% %F% °ooo
S "
S (R

ATTACHMENT FORMATION OF FORMATION OF MATURE BIOFILM,
MICROCOLONY MATRIX DISPERSION

Figure 2. This figure explains the stages of how biofilm forms from the community of small
bacteria. In the first stage, the bacteria attacheson surface and after multiplication, clusters
are formed. Bacteria form a protective coat around themselves. After maturation, they
disperse, and some of them find a new place for attachment.

Performance of Integrated Systems:

When all these processes are combined, including adsorption, precipitation, enzymatic
cleavage, reductive detoxification, and biofilm-mediated processing, it leads to the elimination
of complicated dyes, heavy metals, pollutants, and bacteria-killing medicines [78]. By
combining biochar, microbial systems provide a potent and long-lasting solution for
sophisticated wastewater treatment by combining structural stability with biological stability.
Heavy Metal Speciation Shifts and Quantitative Outcomes:

The shift of heavy metals from bioavailable pools to thermodynamically stable
fractions is made easier by pyrolysis [79]. While thermal severity is the primary driver of this
transformation, feedstock heterogeneity and metal chemistry influence particular results,
according to experimental data obtained from sequential extraction frameworks.

Lowering of labile fractions, the decrease in exchangeable and acid-soluble metal
fractions, is one of the most persistent trends seen. Studies show that these bioavailable pools
are often reduced to negligible levels as pyrolysis temperatures reach 700°C, especially in
designed magnetic biochar [71].

The way the intermediate pools behave: The fate of oxidizable and reducible fractions,
on the other hand, vaties greatly [73]. Fe/ Mn oxide-related reducible pools may enlarge as a
result of oxide formation or shrink if metal chlorides cause mobilization. The persistence of
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oxidizable fractions in the char, which are frequently associated with organic materials or
sulfides, is indicative of the retention of organic binding sites within the carbon lattice [80].

Dominance of regaining forms: The residual portion, the most stable silicate or
mineral-bound pool, is where metals are driven more and more at higher heat ranges. A crucial
strategy for reducing long-term environmental danger, the crystallization of mineral phases, is
significantly correlated with this shift.

Pd, Cd, and Cr Quantitative stabilization: Studies of co-pyrolysis at 650°C show
different stabilization hierarchies. For example, chromium shows remarkable immobilization,
with almost 86.7% partitioning into the residual portion [81]. Lead shows reduced leaching
potential, with its stable portions accounting for about 68.2% of the total mass, while cadmium
undergoes a larger shift towards stable form, reaching nearly 79.3%.

Variability in Zn, Cu, and Ni behavior: Several metals display complex, condition-
dependent patterns. Zinc, for example, can become more mobile in a high chloride
environment due to the volatility of metal chlorides. Copper tends to associate mainly with
oxidizable and residual fractions, whereas Ni shows its strongest stabilization in oily sludge
systems at moderate temperatures of around 400°C [82].

Influence of matrix composition: Ultimately, the chemical setting during the pyrolysis
dictates speciation outcomes. Elevated chloride levels can lower char pH and briefly increase
metal mobility [83]. In contrast, mineral additives such as zeolite or kaolin act as effective
stabilizers. They help in converting easily released metals into more secure, mineral-bound
forms.

Sequential Extraction, Risk Metrics, and Stabilization:
Assessment of Immobilization and Risk:

The quantification of heavy metal immobilization and residual environmental
responsibility depends on a suite of sequential extraction procedures, leaching assays, and
ecological indices [84]. Reliable interpretation of these metrics necessitates orienting the
analytical method with a specific research objective while appreciating the inherent dependent
variations.

Sequential Extraction Procedures and Methods Notes:

The BCR three-step sequential extraction scheme is the emerging protocol utilized to
describe operational fractions in biochar obtained from sewage, textile, and wet sludge [85].
To assess temperature-dependent speciation changes, this standardized method is used to
categorize metals into acid-soluble (liable), reducible, oxidizable, and residual pools [86]. While
the reviewed collection lacked specific data derived from the Tessier method because the
included studies did not employ the Tessier sequential extraction method, limiting the cross-
method comparisons and interpretations of metal speciation. The modified protocols, such
as toxicity characteristics leaching procedures (TCLP) and DTPA extraction, are used to
evaluate leachability and plant available fractions, respectively.

Risk Assessment Metrics and Reported Outcomes:

As the evidence provided by the reduced Risk assessment code (RAC), pyrolysis
generally alleviates environmental hazards. The overall environmental threat can be minimized
by the magnetic biochar produced at 700°C, which exhibited the lowest RAC for the majority
of heavy metals [87]. Similatly, co-pyrolysis significantly lowered the potential ecological risk
index to low risks, a metric further improved by the addition of kaolin or zeolite additives. In
the context of bioavailability, acid-soluble fractions are diminished by thermal treatment, with
some studies reporting near complete removal of the labile pools at high temperature.
Leaching assays validate the minimized mobility for Cr, Ni, and Pb, although Zn and Cu
occasionally display increased leachability under optimal thermal conditions.
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Stabilization Mechanisms Evidenced:

The immobilization of heavy metals is driven by multiple physicochemical pathways.
During the co-pyrolysis, the crystallization of stable inorganic phases, especially
aluminosilicates, increases partitioning into the residual fraction [88]. Recently, leachability
has been reduced by physical encapsulation within mineral crystals and the developing
carbonaceous matrix. Surface complexation also plays an important role where ferric
hydroxide colloids and nascent iron oxides search metals from exchangeable pools [89]. While
phosphate precipitation is a theoretically viable mechanism, direct experimental evidence
quantifying its preeminence in these specific sludge biochar remains limited.

Application Potential and Limitations:

Biochar formed at elevated temperature, i.e., 500 °C or co-pyrolyzed with mineral
additives, explains the substantial potential of lowered metal bioavailability for soil application
[90]. However, agricultural utilization faces constraints related to the incomplete stabilization
of Zn and Cu and the potential mobilization risks analogous to chloride-rich feedstocks.
Furthermore, while increased residual fraction recommends the mid-term stability, the recent
literature lacks definitive multi-decadal field data and optimal regulatory compliance thresholds
across diverse domains.

Research Gaps and Future Directions:
Field Validation and Environmental Complexity:

Most documented value rates are obtained from the controlled environments that do
not account for variable hydrology and complex effluent matrices available in real-world
scenarios. There is a distinct storage of systematic pilot studies capable of validating
performance under continuously changing environmental conditions.

Long-Term Stability and Remobilization:

The stability of immobilized metals remains a primary concern. Temporal studies
tracing metal fractionation are limited, leaving significant uncertainty regarding the potential
remobilization of contaminants in response to natural shifts in soil redox potential or pH over
extended periods [91].

Ecological and Biosafety Risks:

The introduction of non-native microbial strains for bioremediation presents
unexplored risks. The potential for horizontal gene transfer and the subsequent displacement
or disruption of native soil microbiomes requires rigorous risk assessment before application
can be sanctioned [92].

Standardized and Economic Modeling:

In this field, the major challenge faced by researchers is that there are no proper
guidelines for reporting performances, such as how metal absorbs, the time the process takes,
etc. [93]. There are instructions, but they are not consistent and widely accepted. Studies report
indicators and compare the results in their own way [94]. Without this information, accurately
judging how biological systems stack against traditional methods is very challenging.
Strategic Recommendations:

On a literature review basis, microbial-biochar carries strong potential, but several
areas require attention for these methods to be applied widely. From the available findings,
the following recommendations can help in future research and development.

From Laboratory to Pilot-Scale Systems:

Nearly all review articles and studies rely on small scale trail and batch setups. While
these experiments provide a base, fully capturing the variability in industrial waste is not fully
possible [95]. The sample from the soil includes fluctuating pH, temperature changes, and
unexpected chemicals. For this reason, medium-scale reactors such as continuous-flow
columns should be tested. These systems allow researchers to observe how these microbes,
biochar stability, and contaminants removal change over time.
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Chemical Measurement with Microbial Monitoring:

Most of the experiments focus on biochar chemical characteristics, performance like
adsorption capacity, changes in metal and pH buffering [96]. However, the microbial
components have equal importance in the remediation process. For this purpose, microbes’
structure should be monitored by using molecular tools (e.g., 16S rRNA sequencing or
enzymatic activity assays) [97]. This can explain why certain microbes-biochar combinations
work better than others. In the selection of these strains, these interactions are very helpful.
Development of Targeted Biochar Modifications:

Studies focus most on surface area and porosity, but not all industries require the same
type of biochar. For example, Chromium-rich effluents can benefit from magnetic modified
biochar, while textile dyes may be effectively removed by using chitosan-coated biochar.
Researchers should develop different designs that can fulfill different sectors' needs for the
removal of unique contaminants. At the same time, the modifications cost must be kept in
mind [98].

Evaluate the Behavior of Immobilized Metals:

In the literature, there is uncertain information about the metals' attachment to
biochar, whether they are stable or not in changing conditions of soil and water. Researchers
who put their months or years of studies on metal fractionation, check whether the
remobilization occurs due to moisture or redox reactions [99]. This is important to determine
whether the treatments are safe for the environment or not.

Conclusion:

Industrial wastewater consists of a complex mixture of pollutants, mainly heavy metals
and synthetic dyes. Due to these heavy metals and synthetic dyes, soil health, aquatic
ecosystems, and human well-being are at risk. Conventional treatment approaches can be used
for the removal of contaminants, but their use is limited because of high operational costs and
the production of secondary waste. This review highlights how biochar offers a pathway that
can be both adaptable and cost-effective. Biochar effectiveness comes through pyrolysis
conditions and selection of feedstock, and the way its structure and chemistry can work. The
relationship of biochar with microbes is important because it helps in the degradation of
metals and dyes. Microbes alone are capable of converting metals, but their survival becomes
impossible in the harsh conditions of industries. Biochar itself enhances the stability and
performance of microbes by providing support, a compatible pH, and temperature. Despite
the challenges, this technology holds a promising position in integrated biological and
engineered methods. This technique can make it possible to create remediation strategies that
can be both environmentally friendly and effective to use in the real world.

References:

[1] P. S. K. A. Saravanan, “Strategies for microbial bioremediation of environmental
pollutants from industrial wastewater: A sustainable approach,” Chemosphere, vol. 313,
p. 137323, 2023, doi: https://doi.org/10.1016/j.chemosphere.2022.137323.

[2] B. K. Karki, “Amended biochar in constructed wetlands: Roles, challenges, and future
directions removing pharmaceuticals and personal care products,” Heliyon, 2024,
[Online]. Available: https://www.cell.com/heliyon/ fulltext/S2405-8440(24)15879-
3?_returnURL=https%3A%2F%2Flinkinghub.elsevier.com®%2Fretrieveo2Fpii%2FS
2405844024158793%3Fshowall%3Dtrue

[3] J. W. Chen Tu, “Biochar and bacteria inoculated biochar enhanced Cd and Cu
immobilization and enzymatic activity in a polluted soil,” Environ. Int., vol. 137, p.
105576, 2020, [Online]. Available:
https:/ /www.sciencedirect.com/science/article/pii/S0160412019340759?via%3Dihu
b

[4] K. N. Mahdi Balali-Mood, “Toxic Mechanisms of Five Heavy Metals: Mercury, Lead,

November 2025 | Vol 7 | Issue 4 Page | 2967



0
OPEN (3

yACCESS . . . .
' International Journal of Innovations in Science & Technology

[12]

[13]

[15]

[10]

[19]

Chromium, Cadmium, and Arsenic,” Front. Pharmacol., 2021, [Online]. Available:
https:/ /www.frontiersin.org/journals/pharmacology/articles/10.3389 / fphat.2021.64
3972/full

S.S. Z. Xue Fei Tan, “Role of biochar surface characteristics in the adsorption of
aromatic compounds: Pore structure and functional groups,” Chinese Chem. Lett., vol.
32, no. 10, pp. 2939-2946, 2021, doi: https://doi.org/10.1016/j.cclet.2021.04.059.

S. K. T. Ru Ling Tseng, “Effects of micropore development on the physicochemical
properties of KOH-activated carbons,” J. Chinese Inst. Chem. Eng., vol. 39, no. 1, pp.
37-47, 2008, doi: https://doi.org/10.1016/j.jcice.2007.11.005.
A. P. Ishita Vij, “An Overview- Advances in Chromatographic Techniques in
Phytochemistry,” E3S Web Conf., 2023, doi: 10.1051/e3sconf/202339101038.

X. H. Guan, D. L. Li, C. Shang, and G. H. Chen, “Role of carboxylic and phenolic
groups in NOM adsorption on minerals: a review,” Water Supply, vol. 6, no. 6, pp.
155-164, Dec. 2006, doi: 10.2166/WS.2006.959.

S. Najafi and M. Jalali, “Effect of heavy metals on pH buffering capacity and
solubility of Ca, Mg, K, and P in non-spiked and heavy metal-spiked soils,” Environ.
Monit. Assess. 2016 1886, vol. 188, no. 6, pp. 342-, May 2016, doi: 10.1007/S10661-
016-5329-9.

M. Salehi, “Surface Complexation at Charged Organic Surfaces,” Rev. Mineral.
Geochemistry, vol. 91A, no. 1, pp. 149—-173, Mar. 2025, doi:
10.2138/RMG.2025.91A.05.

C. L. Mengjiao Fan, “Pyrolysis of cellulose: Correlation of hydrophilicity with
evolution of functionality of biochar,” Sci. Total Environ., vol. 825, p. 153959, 2022,
doi: https://doi.org/10.1016/j.scitotenv.2022.153959.

L. Z. Chao Li, “Impacts of temperature on hydrophilicity/functionalities of char and
evolution of bio-oil/gas in pyrolysis of pig manure,” Fuel, vol. 323, p. 124330, 2022,
doi: https://doi.org/10.1016/].fuel.2022.124330.

X. Z. Yingquan Chen, “The structure evolution of biochar from biomass pyrolysis
and its correlation with gas pollutant adsorption performance,” Bioresour. Technol., vol.
246, pp. 101-109, 2017, doi: https://doi.org/10.1016/j.biortech.2017.08.138.

W. S. Mingxin Guo, “Biochar-Facilitated Soil Remediation: Mechanisms and Efficacy
Variations,” Front. Environ. Sci., vol. 8, 2020, [Online]. Available:
https://www.frontiersin.org/journals/environmental-
science/articles/10.3389/fenvs.2020.521512/ full

K. P. Chowdhury Zaira Zaman, “Pyrolysis: A Sustainable Way to Generate Energy
from Waste,” Pyrolysis, 2017, [Online]. Available:
https://www.intechopen.com/chapters/56034
J. L. Z. Mohammad Boshir Ahmed, “Sorption of hydrophobic organic contaminants
on functionalized biochar: Protagonist role of n-n electron-donor-acceptor
interactions and hydrogen bonds,” |. Hagard. Mater., vol. 360, pp. 270-278, 2018, doi:
https://doi.org/10.1016/j.jhazmat.2018.08.005.

N. L. Panwar and A. Pawar, “Influence of activation conditions on the
physicochemical properties of activated biochar: a review,” Biomass Convers. Biorefinery
2020 123, vol. 12, no. 3, pp. 925-947, Jul. 2020, doi: 10.1007/S13399-020-00870-3.
B. Sajjadi, T. Zubatiuk, D. Leszczynska, J. Leszczynski, and W. Y. Chen, “Chemical
activation of biochar for energy and environmental applications: A comprehensive
review,” Rev. Chem. Eng., vol. 35, no. 7, pp. 777-815, Oct. 2019, doi:
10.1515/REVCE-2018-0003 /XML..

and P. M. C. H. Chia, A. Downie, “Characteristics of biochar: physical and structural
properties,” Biochar Environ. Manag., 2015, [Online]. Available:

November 2025 | Vol 7 | Issue 4 Page | 2968



OPEN

ﬁ%}

yACCESS . . . .
' International Journal of Innovations in Science & Technology

27]

28]

32]

33]

https:/ /www.researchgate.net/publication/285444822_Characteristics_of_Biochar_P
hysical_and_Structural_Properties

G.J. D. A. A. Soler-1llia, C. Sanchez, B. Lebeau, and J. Patarin, “Chemical Strategies
To Design Textured Materials: from Microporous and Mesoporous Oxides to
Nanonetworks and Hierarchical Structures,” Chem. Rev., vol. 102, no. 11, pp. 4093—
4138, Nov. 2002, doi: 10.1021/CR0200062.

F. M. Richard Ahorsu, “Significance and Challenges of Biomass as a Suitable
Feedstock for Bioenergy and Biochemical Production: A Review,” Energies, vol. 11,
no. 12, p. 3366, 2018, doi: https://doi.org/10.3390/en11123366.

A. Atmakuri, B. Yadav, B. Tiwari, P. Drogui, R. D. Tyagi, and J. W. C. Wong,
“Nature’s architects: a comprehensive review of extracellular polymeric substances
and their diverse applications,” Waste Dispos. Sustain. Energy 2024 64, vol. 6, no. 4, pp.
529-551, Jul. 2024, doi: 10.1007/S42768-024-00205-2.

Hongyan Jin, “Characterization of Microbial Life Colonizing Biochar and Biochar-
amended Soils - Hongyan Jin - Google Books,” UMI. Accessed: Dec. 18, 2025.
[Online]. Available:
https://books.google.com.pk/books/about/Characterization_of_Microbial_Life_Col
on.htmlrid=2jo0MwEACAA]&redir_esc=y

B. D. Pratima Gupta, “Bacterial Exopolysaccharide mediated heavy metal removal: A
Review on biosynthesis, mechanism and remediation strategies,” Biotechnol. Reports,
vol. 13, pp. 58-71, 2017, doi: https://doi.org/10.1016/].btre.2016.12.006.

M. M. U. A. M. Egorov, “Bacterial Enzymes and Antibiotic Resistance,” .Acta Naturae,
vol. 10, no. 4, pp. 33-48, 2018, [Online]. Available:
https://pmec.ncbi.nlm.nih.gov/articles/PMC6351036/

J. D. H. Leilei Xiang, “Integrating Biochar, Bacteria, and Plants for Sustainable
Remediation of Soils Contaminated with Organic Pollutants,” Environ. Sci. Technol.,
vol. 56, no. 23, 2022, [Online|. Available:
https://pubs.acs.org/doi/10.1021/acs.est.2c02976

W. G. Xia Wang, “Effect of functional groups on the adsorption of graphene oxide
on iron oxide surface,” Surf. Sci., vol. 716, p. 121982, 2022, doi:
https://doi.org/10.1016/j.susc.2021.121982.

S. Singh and Saswati Chakraborty, “Biochemical treatment of coal mine drainage in
constructed wetlands: Influence of electron donor, biotic—abiotic pathways and
microbial diversity,” Chem. Eng. ]., vol. 440, p. 135986, 2022, doi:
https://doi.org/10.1016/j.cej.2022.135986.

S. M. S. & E. A. S. Rania H. Jacob, Adel S. Afify, “Chelated amino acids: biomass
sources, preparation, properties, and biological activities,” Biomass Convers. Biorefinery,
vol. 14, pp. 2907-2921, 2024, [Online]. Available:

https:/ /link.springer.com/article/10.1007/s13399-022-02333-3

S. P. S. Pooja Sharma, “Health hazards of hexavalent chromium (Cr (VI)) and its
microbial reduction,” Bivengineered, vol. 13, no. 3, 2022, doi:
https://doi.org/10.1080/21655979.2022.2037273.

K. Norah Salem Alsaiari, “The Application of Nanomaterials for the FElectrochemical
Detection of Antibiotics: A Review,” Micromachines, vol. 12, no. 3, p. 308, 2021, doi:
https://doi.org/10.3390/mi12030308.

T. Guimaraes and R. P. Lopes Moreira, “Biochar Production, Properties, and Its
Influencing Factors,” Interact. Biochar Herbic. Environ., pp. 23-51, Jun. 2022, dot:
10.1201/9781003202073-2.

N. Mayilswamy, A. Nighojkar, M. Edirisinghe, S. Sundaram, and B.
Kandasubramanian, “Sludge-derived biochar: Physicochemical characteristics for

November 2025 | Vol 7 | Issue 4 Page | 2969



OPEN

ﬁ%}

yACCESS . . . .
' International Journal of Innovations in Science & Technology

[35]

[41]

[42]

[43]

[45]

environmental remediation,” Appl Phys. Rev., vol. 10, no. 3, Sep. 2023, doi:
10.1063/5.0137651/2906847.

L. L. Chunzhong Wei, “Characteristics of nutrients and heavy metals release from
sewage sludge biochar produced by industrial-scale pyrolysis in the aquatic
environment and its potential as a slow-release fertilizer and adsorbent,” J. Environ.
Manage., vol. 366, p. 121871, 2024, doi:
https://doi.org/10.1016/j.jenvman.2024.121871.

P. Vijayan P, P. G. Chithra, A. Krishna S V, E. B. Ansar, and J. Parameswaranpillai,
“Development and Current Trends on Ion Exchange Materials,” Sep. Purif. Rev., vol.
53, no. 1, pp. 40-60, Jan. 2024, doi:
10.1080/15422119.2022.2149413;SUBPAGE:STRING:ACCESS.

X. J. Mingke Luo, “Enhanced adsorption complexation of biochar by nitrogen-
containing functional groups,” . Environ. Chem. Eng., vol. 11, no. 6, p. 111194, 2023,
doi: https://doi.org/10.1016/j.jece.2023.111194.

H. C. Tong An, “The dual mechanisms of composite biochar and biofilm towards
sustainable nutrient release control of phosphate fertilizer: Effect on phosphorus
utilization and crop growth,” J. Clean. Prod., vol. 311, p. 127329, 2021, doi:
https://doi.org/10.1016/j.jclepro.2021.127329.

H. Wakudkar and S. Jain, “A holistic overview on corn cob biochar: A mini-review,”
Waste Manag. Res., vol. 40, no. 8, pp. 1143—-1155, Aug. 2022, doi:
10.1177/0734242X211069741;Subpage:String: Abstract; Website:Website:Sage;Request
edjournal:Journal: Wmra;Weroup:String:Publication.

N. M. Maryam Namdari, Mohsen Soleimani, “Effect of biological sewage sludge and
its derived biochar on accumulation of potentially toxic elements by corn (Zea mays
L.),” Sci. Rep., 2024, doi: https://doi.org/10.1038/s41598-024-56652-8.

W. Teng, K. Yang, J. Chen, H. Li, and J. Han, “Application and mechanism of
various modified nano zero-valent iron in wastewater treatment: a critical review,”
Green Chem., vol. 27, no. 34, pp. 10045-10070, Aug. 2025, doi:
10.1039/D5GC02077H.

S. Zhao ¢t al., “Simultaneous Removal of Cr, Cu, Zn and Cd by Nano Zero-Valent
Iron Modified Sludge Biochar in High Salinity Wastewater,” 2024, doi:
10.2139/SSRN.4731985.

Y. Wang, H. S. Wang, C. S. Tang, K. Gu, and B. Shi, “Remediation of heavy-metal-
contaminated soils by biochar: a review,” Environ. Geotech., vol. 9, no. 3, pp. 135-148,
May 2022, doi: 10.1680/JENGE.18.00091.

V. S. Marina Anastasiou, “Activated Biochar from Sewage Sludge: A Sustainable
Solution for Effective Removal of Emerging Water Contaminants,” Molecules, vol. 30,
no. 17, p. 3514, 2025, doi: https://doi.org/10.3390/molecules30173514.

“Instant Insights: Biofertiliser use in agriculture.” Accessed: Dec. 18, 2025. [Online].
Auvailable: https://www.bdspublishing.com/webshop/books/instant-insights-
series/crops/regenerative-techniques/nutrition/instant-insights-biofertiliser-use-in-
agriculture/

Z. W. Yun He, “Biochar-microorganisms hybrid enhanced anaerobic digestion:
Innovative insight considering electron transfer potential and functional network of
microorganisms,” Bioresour. Technol., vol. 435, p. 132928, 2025, doi:
https://doi.org/10.1016/j.biortech.2025.132928.

J. Q. Haohao Bian, “Property—Activity Relationships of Intrinsic Minerals Govern
Risk of Secondary Pollution During Oily Sludge Pyrolysis,” ACS ES¢>T Eng., vol. 5,
no. 11, 2025, [Online]. Available:

https://pubs.acs.org/doi/10.1021 /acsestenge.5c00440

November 2025 | Vol 7 | Issue 4 Page | 2970



ﬁ%}

OPEN (73

yACCESS . . . .
' International Journal of Innovations in Science & Technology

[47]

[52]

53]

[54]

[55]

[58]

[59]

S. Y. L. Yeonju Jeong, “Textile waste upcycling into air-cathode for microbial fuel cell
with energy recovery,” Environ. Res., vol. 288, p. 123191, 2026, doi:
https://doi.org/10.1016/j.envres.2025.123191.
H. C. Jing Wang, “Role of coal ash minerals and unburned carbon in NH3 conversion
during ammonia—coal Co-firing: Mechanistic insights into reactions with O2 and
NO,” Chem. Eng. J., vol. 521, p. 166573, 2025, dot:
https://doi.org/10.1016/j.cej.2025.166573.
X. Cao, L. Xu, Y. P. Chen, A. W. Decho, Z. Cui, and J. R. Lead, “Contribution,
Composition, and Structure of EPS by In Vivo Exposure to Elucidate the
Mechanisms of Nanoparticle-Enhanced Bioremediation to Metals,” Environ. Sci.
Technol., vol. 56, no. 2, pp. 896-906, Jan. 2022, doi: 10.1021/ACS.EST.1C05326.
Macdonald Heloisa Dickinson, “Enzyme-Mediated Multiphase Precipitation
(EMMP): An Innovative Strategy for Ecotoxic Metal Immobilization in Aqueous
Systems,” 2025, [Online]. Available: https://eattharxiv.org/repository/view/9207/
F. Salam e al.,, “Redox nature of organics modulates multi-pollutant photocatalysis:
study of Cr(VI) reduction and degradation of organics with CuNiFe LDH/C3N4
Heterostructures,” Catal. Sci. Technol., vol. 15, no. 18, pp. 5354—5365, Sep. 2025, doi:
10.1039/D5CY00855G.
I. Khan e# al., “Exploring geochemical distribution of potentially toxic elements
(PTEs) in wetland and agricultural soils and associated health risks,” Environ. Sci.
Pollut. Res. 2023 3112, vol. 31, no. 12, pp. 17964-17980, Jan. 2023, doi:
10.1007/S11356-023-25141-2.
J. Z. Bo Zhang, “Biodegradation of atrazine with biochar-mediated functional
bacterial biofilm: Construction, characterization and mechanisms,” |. Hagard. Mater.,
vol. 465, p. 133237, 2024, doi: https://doi.org/10.1016/j.jhazmat.2023.133237.
Y. L. Wei Zhou, “Molecular selective fractionation of biochat-derived DOM in
Fesingle bondCr co-precipitation and post-adsorption systems: Its roles in carbon
sequestration and Cr(IIl) immobilization,” Desalination, vol. 603, p. 118672, 2025,
[Online]. Available:
https:/ /www.sciencedirect.com/science/article/abs/pii/S001191642500147X?via%3
Dihub
V. S. Domenica Mosca Angelucci, “The Ultimate Fate of Reactive Dyes Absorbed
onto Polymer Beads: Feasibility and Optimization of Sorbent Bio-Regeneration under
Alternated Anaerobic—Aerobic Phases,” Environments, vol. 11, no. 9, p. 207, 2024, dot:
https://doi.org/10.3390/environments11090207.
G. Murtaza, B. Mutrtaza, N. Khan Niazi, and M. Sabit, “Soil contaminants: Soutces,
effects, and approaches for remediation,” Improv. Crop. Era Clim. Chang., pp. 171-196,
Jan. 2014, doi: 10.1007/978-1-4614-8824-8_7.
K. H. Byun and H. J. Kim, “Survival strategies of Listeria monocytogenes to
environmental hostile stress: biofilm formation and stress responses,” Food Sci.
Biotechnol. 2023 3212, vol. 32, no. 12, pp. 1631-1651, Sep. 2023, doi: 10.1007/S10068-
023-01427-6.
J. H. Liuwei Wang, “Long-term immobilization of soil metalloids under simulated
aging: Experimental and modeling approach,” S¢i. Total Environ., vol. 806, p. 150501,
2022, [Online]. Available:
https:/ /www.sciencedirect.com/science/article/abs/ pii/S0048969721055789?via%3
Dihub
P. A. G. Francisco Lopez-Galvez, “Interactions between Microbial Food Safety and
Environmental Sustainability in the Fresh Produce Supply Chain,” Foods, vol. 10, no.
7, p- 1655, 2021, doi: https://doi.org/10.3390/foods10071655.

November 2025 | Vol 7 | Issue 4 Page | 2971



OPEN

ﬁ%}

yACCESS . . . .
' International Journal of Innovations in Science & Technology

[60]

[63]

[66]

[67]

[68]

[69]

[70]

[71]

G. M. Haiying Tang, “Co-application of iron modified biochar and metal resistant
bacteria alleviates antimony toxicity in rice by modulating morpho-physiological and
biochemical traits and soil microbial activities,” Environ. Technol. Innov., vol. 38, p.
104184, 2025, [Online]. Available:
https://www.sciencedirect.com/science/article/pii/S2352186425001701?via%3Dihu
b

G. C. Mingyue Liu, “Environmental remediation approaches by nanoscale zero valent
iron (nZVI) based on its reductivity: a review,” RSC _Ady., vol. 14, no. 29, 2024,
[Online]. Available:

https://pubs.tsc.org/en/content/articlelanding /2024 /ra/d4ra02789b

J. L. Benjie Zhu, “Orientational dipole interaction mediated by crystallites and defects
in biomass derived carbon materials of heterogeneous catalytic ozonation process,”
Chem. Eng. ., vol. 509, p. 161464, 2025, [Online]. Available:
https://www.sciencedirect.com/science/article/abs/pii/S1385894725022867?via%3
Dihub

S. Lawson, X. Li, H. Thakkar, A. A. Rownaghi, and F. Rezaei, “Recent Advances in
3D Printing of Structured Materials for Adsorption and Catalysis Applications,” Cher.
Ren., vol. 121, no. 10, pp. 6246—-6291, May 2021, doi:
10.1021/ACS.CHEMREV.1C00060.

X. Z. He Liu, “Thermal Conductivity Analysis of High Porosity Structures with Open
and Closed Pores,” Int. |. Heat Mass Transf., vol. 183, p. 122089, 2022, doi:
https://doi.org/10.1016/j.jjheatmasstransfer.2021.122089.

Y. L. Jiho Choi, “Unveiling the transformation of liquid crystalline domains into
carbon crystallites during carbonization of mesophase pitch-derived fibers,” Carbon IN.
Y., vol. 199, pp. 288-299, 2022, [Online|. Available:

https:/ /www.sciencedirect.com/science/article/ pii/S0008622322006467?via%3Dihu
b

D. G. Kulas, A. Zolghadr, and D. Shonnard, “Micropyrolysis of Polyethylene and
Polypropylene Prior to Bioconversion: The Effect of Reactor Temperature and
Vapor Residence Time on Product Distribution,” ACS Sustain. Chem. Eng., vol. 9, no.
43, pp. 14443-14450, Nov. 2021, doi: 10.1021/ACSSUSCHEMENG.1C04705.

V. M. Rainer Janu, “Biochar surface functional groups as affected by biomass
feedstock, biochar composition and pyrolysis temperature,” Carbon Resour. Convers.,
vol. 4, pp. 3646, 2021, [Online]. Available:

https:/ /www.sciencedirect.com/science/article/pii/S2588913321000119?via%3Dihu
b

S. Shi, F. O. Ochedi, J. Yu, and Y. Liu, “Porous Biochars Derived from Microalgae
Pyrolysis for CO2 Adsorption,” Energy & Fuels, vol. 35, no. 9, pp. 7646—7656, May
2021, doi: 10.1021/ACS. ENERGYFUELS.0C04091.

P. W. Dongpeng Zhang, Yanxiao Li, “Dynamic active-site induced by host-guest
interactions boost the Fenton-like reaction for organic wastewater treatment,” Naz.
Commaun., 2023, doi: https://doi.org/10.1038/s41467-023-39228-4.

J. W. C. Wong and U. O. Ogbonnaya, “Biochar porosity: a nature-based dependent
parameter to deliver microorganisms to soils for land restoration,” Environ. Sci. Pollut.
Res. 2021 2834, vol. 28, no. 34, pp. 46894—46909, Jul. 2021, doi: 10.1007/S11356-021-
14803-8.

A. L. Wenneng Zhou, Mahmoud Mazarji, Mengtong Li, “Exploring magnetic
nanomaterials with a focus on magnetic biochar in anaerobic digestion: from
synthesis to application,” Biochar, vol. 6, no. 63, 2024, doi:
https://doi.org/10.1007/s42773-024-00354-x.

November 2025 | Vol 7 | Issue 4 Page | 2972



OPEN

ﬁ%}

yACCESS . . . .
' International Journal of Innovations in Science & Technology

[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

81]

82]

[84]

[85]

C. L. Jin He, “Driving factors for distribution and transformation of heavy metals
speciation in a zinc smelting site,” J. Hazard. Mater., vol. 471, p. 134413, 2024, doi:
https://doi.org/10.1016/j.jhazmat.2024.134413.

Z.Z. Pinpeng Tuo, “Changes in coal waste DOM chemodiversity and Fe/Al oxides
during weathering drive the fraction conversion of heavy metals,” Sci. Total Environ.,
vol. 9206, p. 172063, 2024, [Online|. Available:

https:/ /www.sciencedirect.com/science/article/abs/pii/S004896972402206 X ?via%3
Dihub

H. C. Jie Li, “Remediation of lead and arsenic co-contaminated soils using self-
sustaining smoldering: Performance and mechanism,” . Environ. Chem. Eng., vol. 13,
no. 4, p. 117439, 2025, doi: https://doi.org/10.1016/j.jece.2025.117439.

7. Z. Songjun Guo, “Synergistic effect of hydrogen bonding and n-m interaction for
enhanced adsorption of thodamine B from water using corn straw biochar,” Environ.
Pollut., vol. 320, p. 121060, 2023, [Online|. Available:
https://www.sciencedirect.com/science/article/abs/pii/S0269749123000623?via%3
Dihub

R. P. Venkateswar Reddy Kondakindi, “Bioremediation of heavy metals-
contaminated sites by microbial extracellular polymeric substances — A critical view,”
Environ. Chem. Ecotoxicol., vol. 6, 2024, doi:
https://doi.org/10.1016/j.enceco.2024.05.002.

P. P. Soumya K. Manikandan, “Effective Usage of Biochar and Microorganisms for
the Removal of Heavy Metal Ions and Pesticides,” Molecules, vol. 28, no. 2, p. 719,
2023, doi: https://doi.org/10.3390/molecules28020719.

B. L. Akd Various, “Various Approaches for the Detoxification of Toxic Dyes in
Wastewater,” Processes, vol. 10, no. 10, p. 1968, 2022, doi:
https://doi.org/10.3390/pr10101968.

G. X. Zhiliang Cui, “Transformation and stabilization of heavy metals during
pyrolysis of organic and inorganic-dominated sewage sludges and their mechanisms,”
Waste Manag., vol. 150, pp. 57—65, 2022, doi:
https://doi.org/10.1016/j.wasman.2022.06.023.

K. J. Zhaofeng Chang, Guofeng Shen, “Environmental implications of residual
pyrogenic carbonaceous materials from incomplete biomass combustion: a review,”
Carbon Res., vol. 3, no. 15, 2024, doi: https://doi.org/10.1007 /s44246-024-00103-6.
A. R. Mariusz Z. Gusiatin, “Application of Selected Methods to Modify Pyrolyzed
Biochar for the Immobilization of Metals in Soil: A Review,” Materials (Basel)., vol. 10,
no. 23, p. 7342, 2023, doi: https://doi.org/10.3390/mal6237342.

W. C. Linhu Li, “Distribution, risk assessment and stabilization of heavy metals in
supercritical water gasification of oily sludge,” Process Saf. Environ. Prot., vol. 168, pp.
591-600, 2022, [Online]. Available:

https:/ /www.sciencedirect.com/science/article/abs/pii/S0957582022008424?via%3
Dihub

M. M. Mahboub Saffari, “The fate and mobility of chromium, arsenic and zinc in
municipal sewage sludge during the co-pyrolysis process with organic and inorganic
chlorides,” S¢i. Rep., 2025, doi: https://doi.org/10.1038/s41598-025-87169-3.

M. T. Jamshed Ali, “A review of sequential extraction methods for fractionation
analysis of toxic metals in solid environmental matrices,” T=AC Trends Anal. Chenm.,
vol. 173, p. 117639, 2024, doi: https://doi.org/10.1016/].trac.2024.117639.

K. W.-R. Malwina Tytla, “A Comparison of Conventional and Ultrasound-Assisted
BCR Sequential Extraction Methods for the Fractionation of Heavy Metals in Sewage
Sludge of Different Characteristics,” Molecules, vol. 27, no. 15, p. 4947, 2022, doi:

November 2025 | Vol 7 | Issue 4 Page | 2973



OPEN

ﬁ%}

yACCESS . . . .
' International Journal of Innovations in Science & Technology

[91]

[94]

9]

https://doi.org/10.3390/molecules27154947.

X. Gu ¢t al., “Unveiling the hidden threat: heavy metal accumulation in crops and soil
microbial dynamics in a teaching experimental farmland,” Plant Soil 2025, pp. 1-21,
Oct. 2025, doi: 10.1007/811104-025-07918-1.

Z.Z. Chuan Peng, “Feasibility and risk assessment of heavy metals from low-
temperature magnetic pyrolysis of municipal solid waste on a pilot scale,” Chemosphere,
vol. 277, p. 130362, 2021, [Online]. Available:

https:/ /www.sciencedirect.com/science/article/abs/pii/S0045653521008328?via%3
Dihub

R. Z. Wenqi Zhang, “Investigation on cogasification and melting behavior of ash-rich
biomass solid waste and Ca-rich petrochemical sludge pyrolysis residue in CO2
atmosphere,” Energy, vol. 239, p. 122121, 2022, dot:
https://doi.org/10.1016/j.energy.2021.122121.

Noriko Yamaguchi, “Mechanisms underlying abiotic immobilization of inorganic
arsenic in flooded paddy soils: a review,” Soi/ Sci. Plant Nutr., vol. 71, no. 6, 2025, doi:
https://doi.org/10.1080/00380768.2025.2524457.

M. Zhang, T. He, and B. Jin, “Effect of mineral additives on pyrolytic characteristics
and heavy metal behavior during co-pyrolysis of industrial sludge and
hyperaccumulator plant,” |. Anal. Appl. Pyrolysis, vol. 169, p. 105827, 2023, [Online].
Available:

https:/ /www.sciencedirect.com/science/article/abs/pii/S0165237022003977?via%3
Dihub

Z. W. Neha Sharma, “Dynamic Responses of Trace Metal Bioaccessibility to
Fluctuating Redox Conditions in Wetland Soils and Stream Sediments,” ACS Earth
Sp. Chem., vol. 6, no. 2, 2022, [Online]. Available:

https://pubs.acs.org/doi/10.1021 /acsearthspacechem.2c00031

D. L. Gillett e# al., “A roadmap to understanding and anticipating microbial gene
transfer in soil communities,” Microbzol. Mol. Biol. Rev., vol. 89, no. 2, Jun. 2025, dot:
10.1128/MMBR.00225-24.

J. L. Ammar Armghan, “Performance optimization of energy-efficient solar absorbers
for thermal energy harvesting in modern industrial environments using a solar deep
learning model,” He/zyon, vol. 10, no. 4, 2024, [Online]. Available:
https://www.cell.com/heliyon/fulltext/S2405-8440(24)02402-
2?_returnURL=https%3A%2F%2Flinkinghub.elsevier.com%2Fretrieve/o02Fpii%2FS
2405844024024022%3Fshowall%3Dtrue

A. A. Joseph Hair, “Partial Least Squares Structural Equation Modeling (PLS-SEM) in
second language and education research: Guidelines using an applied example,” Res.
Methods Appl. Linguist., vol. 1, no. 3, p. 100027, 2022, doi:
https://doi.org/10.1016/j.rmal.2022.100027.

Yilmaz Eroglu, D. (2025). Green and on-time scheduling in real-world textile
production: a genetic algorithm approach validated by MIP and benchmarked with
ACO. International Journal of Production Research, 63(24), 10263-10290.
https://doi.org/10.1080/00207543.2025.2549138

H. S. S. Han Saem Lee, “Competitive adsorption of heavy metals onto modified
biochars: Comparison of biochar properties and modification methods,” J. Environ.
Manage., vol. 299, 2021, doi: https://doi.org/10.1016/j.jenvman.2021.113651.

K. S. Vineet Kumar, “Chapter 1 - Application of Omics Technologies for Microbial
Community Structure and Function Analysis in Contaminated Environment,”

W astewater Treat., pp. 1-40, 2021, doi: https://doi.org/10.1016/B978-0-12-821881-
5.00001-5.

November 2025 | Vol 7 | Issue 4 Page | 2974



International Journal of Innovations in Science & Technology

[98] S. A. Muhammad Saeed Akhtar, “Innovative Adsorbents for Pollutant Removal:
Exploring the Latest Research and Applications,” Molecules, vol. 29, no. 18, p. 4317,
2024, doi: https://doi.org/10.3390/molecules29184317.

[99] J. Z. Xinyang Li, “Potential mobilization of cadmium and zinc in soils spiked with
smithsonite and sphalerite under different water management regimes,” J. Environ.
Manage., vol. 324, p. 116336, 2022, doi:
https://doi.org/10.1016/j.jenvman.2022.116336.

@ @ Copyright © by authors and 50Sea. This work is licensed under the
Creative Commons Attribution 4.0 International License.

November 2025 | Vol 7 | Issue 4 Page | 2975



