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ABSTRACT

The uptake of biochar from sewage sludge has developed into a critical avenue for resource reclamation whilst
solving waste disposal concerns. However, despite the latter side in environmental palliative, the use of this biochar
for remediation, recovery of nutrients, or adsorption of pollutants is often suboptimal due to poor surface area, high
percentage of ash and functional group scarcity. Sewage sludge-derived biochar (SSB) has emerged as a promising
material for resource recovery, environmental remediation, and sustainable waste management.This review paper
scopes out the recent developments in the field of sludge derived biochar and focuses on the advances in hydrothermal
carbonization biochar and its modified forms. Pretreatment methods such as hydrothermal carbonization, enzymatic
treatment, ultrasonic, and acid/base wash are looked into in order to improve the purity and the characteristics of the
feedstock. Post the structural adjustments some of the molecular modification methods are implemented using KOH,
ZnCl, and H,PO, for chemical activation, doping with Fe/Mn or Mg, and thermal and microwave processes which are
aimed at increasing porosity, adsorption and catalytic activity. The review also evaluates the combination of various
methods to fabricate multifunctional biochar for applications such as phosphate recycling, heavy metals and carbon
absorption and utilization, as well as the application of biochar as catalysts in advanced oxidation processes.
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1. Introduction

One of the increasing problems in the society is the
management of municipal sewage sludge. Its increasing
generation coupled with the stringent regulations surround-
ing it make it an economic challenge and an environmental
deficit. Sewage sludge is termed as the ‘separated biosolid’
and is generated from the treatments of wastewater and is
rich in organic matter as well as nutrients. It also contains
hazardous materials such as heavy metals, pathogens and
persistent organic matter which restrict its use and dispos-

[1-s

al ", Some of the common means of disposal, including

landfilling, incineration and land application spew sub-
stantial amounts of greenhouse gasses have soil, water and

public health repercussions .

However, this scenario can now be changed, as a re-
sult of the thermal and chemical biomass transformation
processes—especially pyrolysis—that organic waste or
sewage appears to be ‘organic black gold’ in the shape of
biochar. Additionally, biochar increases the surface area
of pollutants alongside decreasing the amount of sludge
within the mixture. Consequently, biochar can be utilized
for three major purposes: improvement of soil, adsorption
of pollutants, and recovery of nutrients *'”. Raw biochar
that is created from sewage sludge, comes at a cost as it
comprises of several hurdles which affect its performance
in the advanced segments, such as low porosity, limited
surface area and high ash content. Pathways and Treatment

Processes for Biochar Derived from Various Wastewater

Sources shows in Figure 1.

Biochar

4
® ©

Figure 1. Pathways and Treatment Processes for Biochar Derived from Various Wastewater Sources.

2. Sewage Sludge as A Feedstock for
Biochar Production

In the process of treating municipal effluent, sewage
sludge is produced, currently it is increasingly viewed as

a useful biochar feedstock. The reason for this is its con-

centration of organic matter which is rich in certain nu-
trients, For example, in general, sewage sludge contains
significant concentrations of nitrogen (N) phosphorus (P)
and potassium (K) and other trace elements which when
added to biochar can improve productivity of degraded

soils ""'"*1. Besides, the large quantity of carbon available
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from sludge could also be used for carbon sequestration
and hence lessen greenhouse effects. However, the use
of sewage sludge has drawbacks due to the fact that it
may contain heavy metals, antibiotics, and pathogens,

120 To get over these

and this fact can limit its usage !
problems, pre-treatment methods, including solar drying,
dewatering and chemical stabilization in most cases have

to be resorted to. Moreover, the high ash content found

in sludge may modify the structural attributes of the pro-
duced biochar which may lead to decreased adsorption
ability and porosity of the biochar.The biochar obtained
depends on the sewage sludge, its origin and treatment
received. Summary of Sewage Sludge as a Feedstock for
Biochar Production shows in Table 1. Applications of
Biochar in Agriculture and Soil Enhancement shows in

Figure 2.

Table 1. Summary of Sewage Sludge as a Feedstock for Biochar Production.

Aspect

Details

References

Composition

Rich in organic matter, nitrogen (N), phosphorus (P), and potassium (K).

Zhao et al., 2017

Carbon Sequestration

Stabilizes organic carbon, contributing to climate change mitigation.

Lehmann et al., 2021

Challenges

Contains heavy metals, pathogens, and organic pollutants requiring pretreatment.

Ahmad et al., 2014

Feedstock Variability

Varies based on wastewater source and treatment process, influencing biochar
properties.

Qambrani et al., 2017

Pyrolysis Conditions

Temperature and heating rate affect nutrient retention, surface area, and contami-
nant immobilization.

Qambrani et al., 2017

Applications

- Soil amendment: Improves fertility and structure.
- Water treatment: Removes pollutants.
- Environmental remediation: Immobilizes contaminants.

Beesley et al., 2011

1) Compost with soil

Gasifier

SHALLOW ROOTS

Used in agriculture and horticulture
1) Soil improvment

2) Nutrient retention

3) Heavy metals immobilzation

4) Carbon sequestration

Figure 2. Applications of Biochar in Agriculture and Soil Enhancement.
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2.1. Composition and Characteristics of Sew-
age Sludge

Sewage sludge is known to be an end product of
wastewater treatment dominated by water, organic mat-
ter, inorganic substances as well as contaminants. Some
of the organic elements are proteins, carbohydrates, lipids
and other complex carbon compounds which account for a
large portion of the biochar carbon content that is derived

“20241 There is a potential high value

from sewage sludge '
in the calorific of biochar due to the energy materials pro-
vided by these organic materials. There is also a non-neg-
ligible quantity of sewage sludge which contains such

nutrients as nitrogen (N), phosphorus (P) and potassium

(K) necessary for plant’s development and can be reused
through biochar thus increasing its efficiency as soil mod-

29 Severally being a contributor to organic matter,

ifier !
sewage sludge has a profile of diverse organic nutrients
within it some of which comprise of major and trace met-
als such as iron, copper, zinc, cadmium, lead, manganese,
magnesium, potassium, sodium as well as heavy metals.
Trace metals and persistent organic pollutants (POPs) in
the sewage sludge-derived biochar are unable to suit en-
vironmentally friendly application since leaching of these
pollutants to the environment graph, soil and plants is an

[30-32

eventuality ! Typical Composition of Sewage Sludge

shows in Table 2.

Table 2. Typical Composition of Sewage Sludge.

Parameter Range Description References
Moisture Content (%) 60-85 Reduces efficiency during pyrolysis. Xiao et al., 2022
Volatile Solids (% dry) 50-70 Represents organic matter contributing to biochar. Zhang et al., 2023

Ash Content (% dry) 20-40 Determines mineral content and stability. Gopinath et al., 2021
pH 6.0-8.5 Affects microbial activity and pretreatment processes. Fan et al., 2023
Nitrogen (%) 2-5 Influences biochar’s nutrient recovery potential. Giwa et al., 2023
Phosphorus (%) 1-3 Significant for resource recovery applications. Wang et al., 2022

Heavy Metals (mg/kg)  Varies (Zn, Cu, Pb, Cd)

Requires mitigation to meet safety standards.

Chen et al., 2021

2.2. Challenges in Direct Utilization of Sewage
Sludge

When it comes to direct usage of sewage sludge
there are so many problems, which are associated with
the use of sludge, as its nonspecific nature, and pres-
ence of pathogens. Toxic and recalcitrant heavy metals
such as arsenic (As), chromium (Cr), and nickel (Ni) are
present in sludge and are traceable in the wetlands. Long
term exposure to these elements can result in soil and
water pollution, which in turn can affect the food chain
Compounding the problem, the moisture retention of
sewage sludge is another mountain to climb, and it may
take anywhere from 70- 85%. Raw sludge which is wet

can prove to be economical expensive to transport and

reduces the efficiency of the end process, in this case,
transformation into useful products through pyrolysis,
incineration or even composting. Dewatering is one of
the reliable methods for volume reduction and making
preconditioning and mounting easier. Intestinal patho-
genic bacteria such as E.coli , viruses such as helminths
and other microorganisms make it more difficult to apply
sludge directly for agricultural and crop purposes. The
application of untreated sludge especially without proper
stabilization and or disinfection treatments might result
into endemics and specific forms of disease or infection
through mass consumption of contaminated plants or
contact with polluted underground water. Challenges in

Direct Utilization of Sewage Sludge shows in Table 3.

209



Journal of Building Material Science | Volume 07 | Issue 03 | September 2025

Table 3. Challenges in Direct Utilization of Sewage Sludge.

Challenge Description

Impact References

Heavy Metal Contamination

Presence of metals like Cd, Pb, Hg, Cr, and
Ni, which are toxic and persistent.

Soil and water pollution; bioac-

. Ahmad et al., 2014
cumulation.

High Moisture Content

Moisture levels often exceed 70-85%, in-
creasing handling and processing costs.

Reduces efficiency of treatment

processes Qambrani et al., 2017

Pathogenic Microorganisms .
spread diseases.

Contains bacteria, viruses, and parasites that

Public health risks in agricultur-

Smith et al., 2019
al reuse.

Emerging Contaminants . .
ging endocrine disruptors.

Includes pharmaceuticals, microplastics, and

Environmental persistence; soil

degradation. Chen et al., 2017

Odor Emissions

Emission of gases like NHs, H2S, and VOCs
causing unpleasant smells.

Affects air quality; operational

challenges. Wang et al., 2021

Variability in Composition

Composition changes due to wastewater
sources and treatment processes.

Inconsistent quality; limits

. Lehmann et al., 2011
reuse potential.

Energy Costs

High energy demand for dewatering, drying,
and advanced treatments.

Increases operational and eco-

nomic burden. Beesley et al., 2011

Regulatory Constraints

Stringent standards for heavy metals, patho-
gens, and contaminants in sludge reuse.

Limits direct application in

. Ahmad et al., 2014
various sectors.

2.3. Advantages of Biochar Derived from Sew-
age Sludge

The biochar that is produced from sewage sludge has
some characteristics that are beneficial to the environ-
ment and economy which makes it possible to be used
for waste treatment and resource recovery. Its primary
advantage is that it can be used as a soil conditioner. Be-
cause of its porous structure and high ratio of carbon,
biochar can enhance soil fertility, water retention ability,
and microbial activity which are important for agricultur-
al development .Moreover, the presence of elements such

as phosphorus (P), potassium (K), and nitrogen (N) in the

sludge biochar increases its benefit as a slow release fer-
tilizer and helps to cut synthetic inputs .

Another non-negligible benefit is its ability to re-
move pollutants. Both lead and zinc biochar which is
produced from sludge, has good low-cost heavy metal
adsorption, organics and emerging contaminants, such
as pharmaceuticals and dyes in wastewater, such biochar
possesses attributes such as high surface area, a range of
functional groups and cation exchanger capacity. This
means biochar can be used effectively in the treatment of
wastewater and in restoration of the environment. Advan-
tages of Biochar Derived from Sewage Sludge shows in
Table 4.

Table 4. Advantages of Biochar Derived from Sewage Sludge.

Advantage Description

Impact References

Soil Fertility Improvement

Biochar enhances soil nutrient retention, wa-
ter-holding capacity, and microbial activity.

Improves crop yields and soil

health. Beesley et al., 2011

Slow-Release Fertilizer (P), and potassium (K).

Rich in nutrients like nitrogen (N), phosphorus

Reduces dependence on syn-

thetic fertilizers. Laird et al., 2010

Pollutant Removal

Adsorbs heavy metals, organic pollutants, and
emerging contaminants like pharmaceuticals.

Enhances water and soil quality. Qambrani et al., 2017
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Table 4. Cont.

Advantage Description

Impact References

Carbon Sequestration

Converts organic carbon in sludge to stable
biochar, reducing CO- emissions.

Contributes to climate change

A Shen et al., 2021
mitigation.

Energy Generation

Pyrolysis of sewage sludge produces syngas
and bio-oil for renewable energy.

Increases energy efficiency and

sustainability. Hossain et al., 2011

Waste Volume Reduction

Reduces the volume and toxicity of sewage
sludge, lowering disposal costs.

Minimizes landfill use and envi-

ronmental risks. Beesley et al., 2011

Path Eliminati
athogen Elimination nates pathogens.

Thermal conversion of sewage sludge elimi-

Makes biochar safer for use in

. Liu et al., 2019
agriculture.

Environmental Remediation . . .
ing contaminated sites.

Adsorptive capacity of biochar helps in clean-

Supports environmental resto-

ration efforts. Chen et al., 2020

3. Pretreatment Techniques for Sew-
age Sludge

Sewage sludge first has to be converted into biochar,
and in order to make this process efficient, proper treat-
ment techniques need to be employed. These methods can
alter some of the chemical, physical and structural prop-
erties of the sludge and make it easier for the pyrolysis to
happen while increasing the effectiveness of the biochar
produced. Here we introduce and present some more ad-
vanced and conventional pretreatment techniques backed

by literature.

3.1. Thermal Pretreatment

In the case of so-called physical pretreatment, the fo-
cus is on changing the structure and moisture content of
the sludge in order to enhance the efficiency of pyrolysis.
Drying and Dewatering: Reduction of the moisture con-
tent leads to lower energy requirements in pyrolysis. Me-
chanical dewatering and thermal drying are commonly
practiced .Grinding and Milling: Reduced particle size will
lead to an enlarged surface area and therefore enhanced
heat exchange during pyrolysis .Ultrasound Pretreatment:
Ultrasound treatment breaks down sludge flocs and walls
of cells, this makes organic matter further available for the

process of pyrolysis (Xue et al., 2019).

3.2. Chemical Pretreatment

The composition of sludge can be altered with the use

of chemical methods which also increases the nutrients

embedded in resulting biochar.Acid and Alkali Treatments:
The pH of the sludge is modified during acid (for e.g. HCI,
H,SO,) and alkali (NaOH) application thereby increasing
the nutrient content in the resulting biochar and the bio-
char adsorption capacity .Oxidative Pretreatment: The use
of peroxide and ozone treatment oxidizes polysaccharides
resolving complex organic molecules and optimizing the
performance of pyrolysis as well as changing the char-
acteristics of the biochar.Metal Ion Addition: The use of
metal salts such as Fe’* or Mg”" are useful in increasing the
amount of phosphorus in biochar during the recovery pro-

CESS.

3.3. Biological Pretreatment

Biological approaches use microorganisms for the pur-
pose of organic degradation and the development of sludge
quality.Anaerobic Digestion: Anaerobic digestion as a
pre-treatment of sludge minimizes the organic substance
and increases the pyrolysis performance.Enzymatic Hy-
drolysis: Certain enzymes can degrade proteins and lipids,
thus increasing the synovial bioavailability of organic ma-

terials.

3.4. Combined Pretreatment Approaches

Before the pyrolyses, sludge overcomes thermal pre-
treatment. This means it needs to be heated in order to
achieve the wanted change in its structure and composi-
tion.Hydrothermal Carbonization (HTC): During the HTC
process, the sludge is treated at a temperature below its

critical point in water, which increases the carbon content
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of sludge, and decreases the hazardous contents.Micro-
wave Heating: By pre-treating with microwaves, organic
compounds are first decomposed, resulting in a more po-

rous and adsorptive biochar.

4. Modification Techniques for Bio-
char

Changing sewage sludge based biochar is a quite es-

agri and urban waste management

Plant growth and yield enhancement

and better WUE

Soil fertility enhancement,crosion mitigation

sential segment of study as it is aimed on improving the
biochars structural, chemical or functional characteristics
for resource recovery. Several approaches, namely, phys-
ical, chemical, and biological modifications are made to
enhance the particular properties of biochar. More detail is
provided in the review section with citations below. Multi-
functional Benefits of Biochar for Environmental Sustain-
ability shows in Figure 3 and Modification Techniques for

Sewage Sludge-Derived Biochar shows in Table S.

*
@
‘Water conservation and improvment

LY
Sustainable
econotny

Sustainable
ecological

Figure 3. Multifunctional Benefits of Biochar for Environmental Sustainability.

Table 5. Modification Techniques for Sewage Sludge-Derived Biochar.

Modification Technique Description Advantages References
Thermal Activation Heating biochar in controlled atmo-  Expands pore structure and increases Zhu etal., 2018
spheres. specific surface area.
Ball Milling Mechanical reduction of particle size. Exposes active sites and improves Kim et al., 2023

dispersion.

Introduces or modifies functional
groups.

Chemical Modification

Enhances adsorption, reactivity, and

. Zhao et al., 2019
selectivity.

Acid Treatment Treatment with HNOs, H2SOs, etc.

Introduces oxygen-containing groups
for heavy metal and organic pollutant Inyang et al., 2012
adsorption.

Alkali Treatment Treatment with NaOH, KOH, etc.

Increases porosity and adds negative
functional groups, improving phos-
phate recovery.

Zhao et al., 2019

Oxidation Treatments Use of H20: or Os.

Enhances hydrophilicity and reactivi-

Wu et al., 2012
ty.

Metal Doping Incorporation of Fe, Zn, Mg, etc.

Improves magnetic, catalytic, and

adsorption properties. Xuetal, 2020

Biochar-Nanoparticle Composites Incorporating nanoparticles like nZVI.

Enhances adsorption and catalytic

performance Chen et al., 2019
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4.1. Physical Modification

Physical methods involve surface coating the biochar
and change its pores structure thereby making its sorption
and reactivity characteristics better. Thermal Activation:
Treating biochar at elevated temperatures increases specific
surface area and the pore volume at controlled atmosphere
leading to improved adsorption performance. Microwave
Irradiation: Microwave treatment rapid and uniform heat-
ing inducing improvement on pore and surface functional
devises Ball Milling: Mechanical milling reduces particle
size which improves dispersion and active sites; thereby

enhancing its potential in catalysis and adsorption.

4.2. Chemical Modification

An approach involving contact with a chemical agent
that is designed to bring about specific pollutants or nutri-
ents in the biochar chemical alteration.Acid Treatment: For
biochar, acid treatment using HNO; and H>SOs not less
results in improvement by introducing oxygen containing
groups which are necessary for adsorption of heavy organ-
ic and metal pollutants.Alkali Treatment: Applying NaOH
or KOH to Biochar improves its microporosity as well as
giving it negative charged functional groups that are useful
for phosphate and ammonium recovery.Oxidation Treat-
ments: Oxidation of Biochar using H2O: or Os increases
surface reactivity and wettability of biochar to pollutants.
Metal Doping: Enhanced magnetism and catalytic activi-
ties of biochar through incorporation of Fe, Mg and Zn are

relevant in applications of resource recovery.

4.3. Biological Modification

Approaches targeting specific application of charcoal

using biological modes such as microbes or enzymes as

catalysts are called biological approaches.Biofilm Coating:
Growth of microbial biofilms onto biochar particles is said
to enhance bioreactors and wastewater treatment systems.
Enzyme Treatment: Biochar application is made easier by
modifying the surface of the carbonaceous substrate selec-
tively with bioactive enzymes in a bid to enhance nutrient

recovery.

4.4. Composite Formation

When biochar is mixed with other materials, it has
increased functional properties due to synergistic effects.
Biochar-Clay Composites: Such composites allow for im-
proved agricultural implements with a greater capacity
for nutrient retention with slow-release properties. Bio-
char-Nanoparticle Composites: Such composites generally
contain nanoscale zero-valent iron (nZVI) which signifi-

cantly enhances the adsorption and catalytic efficiency.

4.5. Hybrid Techniques

Biochars having multiple functional properties are de-
veloped by using hybrid techniques which combine a num-
ber of modification methods. For example, it was shown that
the use of metal doping in conjunction with oxidation treat-
ments improves the catalytic activity and adsorption ability.

5. Resource Recovery Applications

Because of the synthetic characteristics obtained after
modifying these bio chars, they have been increasing spot-
light particularly in resource recovery applications. These
resources include nutrients, metals, and energy and aim to
be environmentally sustainable in the process. Resource
Recovery Applications of Sewage Sludge-Derived Biochar
show in Table 6.

Table 6. Resource Recovery Applications of Sewage Sludge-Derived Biochar.

Application Description

Key Benefits References

Nutrient Recovery and phosphorus

Recovery of essential nutrients like nitrogen Enhances agricultural productivity; reduc-

es reliance on chemical fertilizers. Zhao etal., 2019

Ammonium Recovery adsorption

Using alkali-treated biochar for ammonium Provides a sustainable nitrogen source for

fertilizers. Zhao et al., 2019

Heavy Metal Recovery from wastewater.

Adsorption and recovery of heavy metals

Reduces environmental contamination;

recovers valuable metals. Xuetal, 2020

Carbon Sequestration
storage.

Stabilizing carbon in biochar for long-term

Lehmann et al.,

Reduces greenhouse gas emissions. 2021
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Table 5. Cont.

Application Description

Key Benefits References

Water Purification
ents from wastewater.

Adsorption of organic pollutants and nutri-

Improves water quality; enables pollutant

Chen et al., 2019
recovery.

Soil Amendment .
properties.

Application of biochar to improve soil

Enhances soil fertility, structure, and water

. He et al., 2020
retention.

Slow-Release Fertilizers .
nutrients.

Use of biochar as a carrier for slow-release Reduces nutrient leaching; improves fertil-

; . Gao et al., 2021
izer efficiency.

5.1. Nutrient Recovery

Biochar has been found to recover some nutrients
such as nitrogen (N), Phosphorus (P) that are useful in ag-
riculture.Phosphorus Recovery: Biochar can effectively
adsorb and recover phosphorus, which is a non-renewable
resource and crucial nutrient, particularly when it is modi-
fied with metal ions, such as magnesium or calcium, which
contain a significant amount of ion strength. Such a pro-
cess is favorable for the treatment of wastewater. Ammoni-
um Recovery: Biochar treated with alkalis high ammonium
affinity and thus its ammonium ions can be recovered and

applied in agriculture as fertilizer.

5.2. Heavy Metal Recovery

Due to a good surface area and gold surface groups,
biochar has the ability to fix and extract heavy metals in
effluents and polluted waters.Metal Adsorption and Recov-
ery: It’s possible to reclaim copper, lead, zinc, and cadmi-
um from aqueous solutions by using metal oxide or func-
tional group doped biochar.Catalytic Applications: The
doped biochars metal is a catalyst for any advanced oxida-
tion processes and the purpose is to enable the retrieval of
precious metals from obsolete industrial wastes.

Energy

sewage sludge

1;

T

=

@

Biochar

Manure

Construction Material

Blended with Petrol/Diesel
A

Burn to Produce Steam

5.3.Carbon Recovery

The biochar is a carbon sink and it is also a way to
capture and recycle carbon in different ways.Carbon Se-
questration: Carbon storing which has long duration is
what biochar contributes in as it is stable in form and aids
in the recovery of carbon while also minimizing the emis-
sion of greenhouse gases. Energy Recovery: Biochar can
then become a renewable fuel, be it in solid form or for
production of biogas via gasification or pyrolysis.

5.4. Energy Generation and Resource Recovery

Biochar derived from sewage sludge can be used as
a feedstock in energy generation and resource recovery
activities.Gasification and Pyrolysis: Gasification is also
known as Aqueous Phase Reforming which is a thermal
process that transforms biochar into syngas, considered
to be a renewable energy expression, pyrolysis oil and
biochar are also produced with a potential of further ex-
traction. Hydrothermal Liquefaction (HTL): The Hydro-
thermal liquefaction — of Biochar of biochar leads to the
production of liquid biofuels which also opens the oppor-
tunity of resource recovery as well as solving energy issues
(Figure 4).

— Adsorbent Dyes

Antibictics
Heavy Metals
Phenolic

S
T~
T~
~
T Fluroide

[

—_—
—

—» | Fenton
— Nano Catalyst —> Wet Oxidation

Figure 4. Utilization of Sewage and Industrial Sludge: Biochar Applications for Energy,Environmental Remediation, and Construc-

tion.
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5.5.Removal of Dyes and Other Pollutants
from Wastewater Using Biochar

Biochar is a promising adsorbent for use wastewater
troubled with organic compounds such as dyes, pharma-
ceuticals among others.Adsorption of Organic Pollutants:
Functionalized biochar performs better in removing par-
ticle-attached organic pollutants and has much better po-
tential in pollutant harvesting from and water treatment.
Nutrient Recycling in Agriculture: The nutrients removed
from wastewater can also be reutilised on land to improve
its nutritional status and reduce the use of chemical fertil-

1zers.

5.6.Recovery of Fertilizers and Amendment
of Soils

Sewage Sludge Biochar can be utilized directly on
soils or as a carrier of fertilizers.Enhancement of Soil Fer-
tility: Biochar improves the structure of the soil, water re-
tention and nutrient availability for sustainable agricultural
development.Slow-Release Fertilizers: Nutrients bound
onto surfaces of biochar function as slow release fertilizers
and effectively improve nutrient use efficiency and mini-

mize leaching loss ™.

6. Comparative Analysis of Pre-
treatment and Modification Tech-
niques

Environmental Friendly Technologies One of the
Small and Micro-scale Technologies for Resources Recov-
ery and Reutilization Pretreatment and modification meth-
ods are vital for improving the physicochemical proper-
ties of biochar obtained from sewage sludge so that it can
meet different environmental as well as industrial needs.
Bol grinding, thermal activation, microwave irradiation,
mechanical activation and ball milling to name a few aug-
ment porosity, surface area, active sites and other proper-
ties of biochar. Thermal activation is particularly known
for improving the adsorption capacity of biochar but it is
highly energy dependent .In sharp contrast, Even though
microwave has advantages saelling thermal-activated, it
is/ microwave-synthesized materials, resulting in pore

formation. It helps to improve the reaction by expanding

the active site; nevertheless, amalgamating may lead to
loss of micro integrity . Supertites are available within the
Synthetic Biology Modification Techniques Metals Dop-
ing, Acidic treatment, and Alkalis treatment Ou Enlarge
Enzyme S Group Adsorption Cheat and Alteration Bio-
char of Functional Groups. Oxygens functionalisation are
capable to increase adsorption capacity of heavy metals
— appeared reasonable to use acid treatment but of costly
— are highly corrosive to work with In contrast, negative
functional groups impair cross linking between biochar
particles, which in turn leads to limitations in the recovery
of - phosphate adsorption. Alkaline treatment enhances
nutrient recovery. Enhancing the Fiber Reinforced Ther-
moplastics marketNew biological modifications like appli-
cation of biofilm and enzyme treatment are also aimed at
facilitating biochar surface functionalization. On the other
hand, biochar coated with biofilm was proven to perform
in nutrient recovery and wastewater treatment but could be
a challenge especially under extreme conditions. Enzyme
treatment improves the functional quality of biochar, hence
making it suitable for certain purposes but its expensive
nature limit its bulk utilization.

Besides the composite formation and thermal chemical
techniques also acts to improve the functionality of bio-
char. For instance clay-biochar composites have improved
retention and slow release of nutrients, and the same can
be said of the nanoparticle composites, however concerns
still exist over nanoparticle leaching. A concept like hy-
drothermal carbonization allows the combination of heat
and chemicals for the production of biochar with improved
topological properties although the energy demands of the
process currently warrants improvement before the tech-

nology can be widely adopted.

7. Challenges and Limitations

While there are many ways that biochar produced
from sewage sludge can be employed so starting with the
resource utilization and moving on to various applications,
there are notable challenges and shortcomings. In those
applications, the biochar properties can become an issue
since they are dependent on the slew of sewage sludge that
is affected by many factors. Besides, the presence of pol-

lutants such as heavy metals and organic contaminants in
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sewage sludge creates the concern of secondary pollution
during biochar use, thus, they require sufficient pretreat-
ment and quality control.

note that for several modification techniques, like ther-
mal activation, the energy and cost requirements are quite
substantial that affects the large-scale application. The use
of thermal activation for biochar production is not prac-
tical as it raises the adsorptive properties but consumes a
lot of energy, which is not suitable for resource challenged
environments. Acid-base modification and other chemical
means also build safety issues as they require dangerous
agents and create chemical wastes that need to be appro-
priately managed. Another obstacle exists in the area of
scalability of the application of more advanced modifi-
cation techniques such as microwave irradiation, enzyme
treatments, and nanoparticle doping. While some of these
methods help to enhance biochar functionality, they do
require specialized equipment and high accuracy which is
not feasible for global operations scale up Also, it is nec-
essary to continue developing answers to questions related
to the possible negative ecologic consequences of certain
modifications such as the leaching of nanoparticles from
composite biochars if these modifications are to be used in
a sustainable manner.

Finally, there are also regulatory and marketing issues
such as insufficient harmonization of biochar produc-
tion and its application that inhibit its use. Failure to have
well-defined quality specifications discourages user con-
fidence and market development while uncertainties on
the outcome on the environment in the long run also serve
to make widespread use of it more complicated. In order
to tap into the full benefits of biochar made from sewage
sludge, technology improvement, cost reduction measures
and holistic policies frameworks will be needed to address

these issues.

8. Future Perspectives

In terms of sludge-based biochar, we hope that the de-
sign and applications are enhanced and the processes are
improved in coming years considering the international
environmental and resource recovery problems. Also, bio-
char can be made more functional by combining biomass

with a certain combination of biological, chemical, and

physical methods during the pretreatment and modifica-
tion step. However, working with biochar and nanomate-
rials for catalytic applications, water treatment and energy
storage will be promising directions, while the issue of
potential environmental hazards associated with emission
of nanoparticles should be addressed too . Another import-
ant aspect is scaling up jakaba production while ensuring
cost and charge containment and bio-sustainability. Should
processes such as hydrothermal carbonization (HTC) and
microwave-assisted pyrolysis be perfected, they have the
potential to become effective and energy-efficient meth-
ods of biochar production. In addition, embedding biochar
in circular economy principles, such as employing nutri-
ent-rich biochar as slow release fertilizers or participating
in carbon credit systems, could improve its commercial
prospects and take off.

Crosstraining collaborating teams in material sciences,
environmental engineering and policy design will be criti-
cal in helping solve the regulatory and market challenges.
Establishing comprehensive protocols covering the entire
spectrum of biochar among other things its production and
use and life cycle assessments as well may simplify the
processes and bolster faith in stakeholders. In addition, ad-
dressing such issues as biochar’s potential use in promot-
ing carbon capture and soil revitalization within a climate
change strategy, may greatly broaden biochar applications.
Looking forward, the enhancement of re reusing biochar
from sewage sludge into advanced environmental manage-
ment systems, complemented by effective monitoring and
predictive modelling, facilitate sustainable resource use

and improved decision-making.

9. Conclusions

Biochar produced from sewage sludge is a novel ap-
proach for enhancing circular economy activist practices
which have promising benefits towards solving some of
the most pertinent challenges of ecosystem and resource
management. Biochar is instrumental in transforming
waste into useful products with several applications, which
in turn leads to reduction in environmental pollution and
greenhouse gases, and enhancement of carbon capture. The
conversion of sewage sludge into biochar not only pro-

vides a solution to the challenges associated with disposal
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of waste but also provides a green alternative to the con-
ventional ways of resource consumption and procurement
which ultimately eases the transitioning towards more ef-
ficient and sustainable systems in agriculture, waste water
handling, and energy sources.

Notwithstanding the wide range of potential uses of
biochar as in agriculture, construction and waste manage-
ment, several issues remain especially of a technological
and logistical nature. Biochar’s properties vary significant-
ly because of differences in the composition of the sewage
sludges and their pre-treatment processes, thus making
large scale deployment of biochar more challenging. In
particular, the high energy costs and the financial sense of
carbonization methods such as pyrolysis and hydrothermal
carbonization while targeting enhancements in efficacy
remain to be reduced. Also, while biochar is capable of
sequestering carbon di oxide which combatslt is of utmost
importance for researchers and stakeholders to focus on
technological advancements along with development of
systems that are integrated and multi functional as they are
the key enablers of the future for sewage sludge derived
biochar. The research activity of combining chemical,
physical and biological modifictaion of the properties of
biochar derived from sewage sludge to be used for targeted
applications such as energy production biosorption or nu-
trient analogy however must have a well defined outline.
There is also need to improve control standards associat-
ed with biochar as well as uniform production guidelines
to further ensure the uniformity in biochar grades making
broad easy integration into the trade.

In the same vein, the creation of strong site policies
and regulations would assist in the economic feasibility
of activities outlined in the biochar vision. In this regard,
biochar can be adopted as a perfect substitute for carbon
and traditional industry policies, where traditional industry
recovery would foster resource recovery policies assisted
by biochar. Such thinking and logic can solve the two is-
sues of resource scarcity and ameliorate carbon emissions
at the same time, whereas previously it was thought to be
contradictory.. An international consensus on the measures
needed to use biochar would help eliminate the negative
perception of biochar that has been ingrained in the minds

of the majority. To wrap up, although there are some prob-

lems posed by biochar made from sewage sludge, the tre-
mendous advantages it provides for environmental reme-
diation, resource recovery, and climate change outweighs
them all. Biochar is expected to have the added advantage
of dealing with many agricultural and environmental is-
sues and more importantly it is expected to change the way
waste is managed and resources are recovered. Looking
at future scenarios of advancement in technology and reg-
ulations and inter-disciplinary collaboration, biochar can
evolve into one of the fundamental tools to enable sustain-
ability efforts throughout the world and enable a better and

more efficient circular economy.
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