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ABSTRACT

The global production of fecal wastes is envisioned to reach a very high tonnage by 2030. Perilous handling and consequential exposition of
human and animal fecal matter are inextricably linked with stunted growth, enteric diseases, inadequate cognitive skills, and zoonoses.
Sludge treatment from sewage and water treatment processes accounts for a very high proportion of overall operational expenditure.
Straightforward carbonization of sludges to generate biochar adsorbents or catalysts fosters a circular economy, curtailing sludge processing
outlay. Biochars, carbonaceous substances synthesized via the thermochemical transformation of biomass, possess very high porosity, cation
exchange capacity, specific surface area, and active functional sorption sites making them very effective as multifaceted adsorbents,
promoting a negative carbon emission technology. By customizing the processing parameters and biomass feedstock, engineered biochars
possess discrete physicochemical characteristics that engender greater efficaciousness for adsorbing various contaminants. This review
provides explicit insight into the characteristics, environmental impact considerations, and SWOT analysis of different sludges (drinking
water, fecal, and raw sewage sludge) and the contemporary biochar production, modification, characterization techniques, and
physicochemical characteristics, factors influencing the properties of biochars derived from the aforestated sludges, along with the designing
of chemical reactors involved in biochar production. This paper also manifests a state-of-the-art discussion of the utilization of sludge-
derived biochars for the eviction of toxic metal ions, organic compounds, microplastics, toxic gases, vermicomposting approaches, and soil
amelioration with an emphasis on biochar recyclability, reutilization, and toxicity. The practicability of scaling up biochar generation with
multifaceted, application-accustomed functionalities should be explored to aggrandize socio-economic merits.
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NOMENCLATURE

a (m2 m–3) Specific packing area
a0 1.035 (constant)
A Filtration area

AFR Air flow rate
Al2O3 Aluminum oxide
AO7 Acid orange 7
Ar Argon

AT (l mg�1) Equilibrium binding constant
At (m

2) Area of the cooling coil
B Slope of line
b0 Adsorption energy constant

B300 Biochar obtained by pyrolysis at
300 �C

B500–700 Biochar obtained by pyrolysis at
500–700 �C

BC Biochar
BC-700K Sewage sludge-based biochar pro-

duced at 700 �C
BET Brunauer, Emmett, and Teller analysis
BJH Barrett, Joyner, and Halenda method
Boa Bodenstein number (ratio of convec-

tive to diffusive fluid transport rate)
BPA Bisphenol A
bT Temkin model heat adsorption

constant
C Initial concentration of adsorbate
C0 Boundary layer thickness
C00 Concentration of solids

CH4 Methane
CIP Ciprofloxacin

ce (mg l�1) Equilibrium adsorbate concentration
CBET (l mg�1) BET isotherm model correlating with

the surface interaction energy
C0 (mg l�1) Initial metal ions concentration

CaO Calcium oxide
CIP Ciprofloxacin
CO Carbon monoxide
CO2 Carbon-dioxide

cpf (kcal/ kg�C) Specific heat coefficient of fluid
cs (mg l�1) Monolayer saturation adsorbate

concentration
CST Capillary suction time

d (m) Diameter of particulate solid
D Dosage of adsorbent

Dea Dispersion coefficient along the radial
direction

DNA Deoxyribonucleic acid
DOC Dissolved organic carbon
DOX Doxycycline
dH Heat of evaporation

dp (m) Pellet diameter
DSS Dewatered sewage sludge

DWS Drinking water sludge
EDS Energy dispersive spectroscopy
ENR Enrofloxacin
Fe0 Zero-valent iron

Fe(NO3)3�9H2O Ferric nitrate
Fe3O4 Iron oxide
FiBR Fixed bed reactor
FlBR Fluidized bed reactor
FTIR Fourier transform infrared

spectroscopy
G (kg m�2 s�1) Specific mass flow

g (m s–2) Acceleration due to gravity
gc [kg m (kgf s2)�1] Dimensional constant

H (m) Reactor height
H160 Hydrochar obtained by pyrolysis at

160 �C
H180–200 Hydrochar obtained by pyrolysis at

180–200 �C
H2 Hydrogen

H2O2 Hydrogen peroxide
H2S Hydrogen sulfide

H3PO4 Orthophosphoric acid
HAP Hydroxyapatite

HAZOP Hazard and operability analysis
HC Hydrochar
Hloss Summative heat losses from the gasi-

fying unit
HNO3 Nitric acid

HR Heating rate
HTC Hydrothermal carbonization
IFR Inflow rate
IPD Intra-particle diffusion model
K Compressibility coefficient
kfd Rate constant of the film diffusion model

ki [mg (g min1/2)�1] IPD model rate constant
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kLF Equilibrium heterogeneous solid constant
KOH Potassium hydroxide

kR (l g
�1), aR (l mg�1) Redlich–Peterson isotherm model

constants
k1 (g mg�1 min�1) PFO rate constant

k2 (min�1) PSO rate constant
K2CO3 Potassium carbonate
L (m) Length of reactor

La-SSBC Lanthanum-loaded sewage sludge
biochar

La-SSBC-P Phosphate-integrated lanthanum dec-
orated sewage sludge-based biochar

m, ks (l mg�1) Sips isotherm constant
m0 Amount of moisture desiccated

M(g) Mass of adsorbent
MB Methylene blue

MBC Magnetic biochar
MgO Magnesium oxide
MLF Heterogeneity parameter

MnCl2 Manganese (II) chloride
MnOx Manganese oxide
MO Methyl orange

MOC Material of construction
n, kF (mg g�1 (l mg�1)1/n) Freundlich isotherm constants incor-

porating all parameters influencing
the sorption intensity and efficiency,
respectively

N2 Nitrogen
NH4OH Ammonium hydroxide

NOR Norfloxacin
N-SSBC Nitrogen-doped sewage sludge

biochar
NP Nanoparticle
O2 Oxygen

OURmax Optimum oxygen rate in activated
sludge systems generating sludge for
digestion

OURmeas Oxygen uptake rate estimated in
sludge subjected to digestion

P20 Biochar sample containing 20 mg g�1

phosphorous
P4–60 Biochar sample containing 4–60 mg

g�1 phosphorous
Pea Peclet number (ratio of convective to

conductive heat transfer in fluids)
PFO Pseudo-first-order reaction
PMS Peroxymonosulfate
PSO Pseudo-second-order reaction
Ps Percentage volume utilized by sludge

subsequent to 30 min of settling
period

Px Percent of solids suspended in mixed
liquor specimen

Q Heat involved in the evaporation of
water or organic substances

Q ¼�UAt(T-Tc) Term contributes to heat transfer rate
due to heat flow

qe (mg g�1) Equilibrium adsorption capacity
qm¼ qmax (mg g�1) Maximum sorption capacity

qs (mg g�1) Theoretical saturation capacity
qt (mg g�1) Quantity of adsorbate adsorbed at

time “t”
QLFM (mg g�1) Maximal adsorption capacity

Qt/Qe¼ F Fractional achievement of equilibrium
at time “t”

Q0 Adsorption efficiency constant
R Universal gas constant

R (%) Removal efficiency
RA Rate of reaction
RB Rhodamine B

RB4 Reactive Blue 4
RB5 Reactive Black 5
Rc’ Constant describing SRF of cake for

head loss ¼1
Re Reynolds number (Used to anticipate

the fluid flow patterns: Lower Re is
characterized by laminar flow transit-
ing to turbulent flow at higher Re)

R0 SRF at k¼ 0
RS Raw sewage sludge

S3W7 Biomass comprising 30% sewage
sludge and 70% pine sawdust pyro-
lyzed at 700 �C

Sc Schmidt number (ratio of kinematic
viscosity to mass diffusivity)

SDG Sustainable development goal
SEM Scanning electron microscopy
SiO2 Silicon dioxide
SO2 Sulfur dioxide
SRF Specific resistance to filtration
Ss Percent sludge stability
SS Sewage sludge

SSBC Sewage sludge-based biochar
SSBC-P Phosphate-incorporated sewage

sludge biochar
SVI Sludge volume index

SWOT Strength, weakness, opportunities,
threat analysis

t Time
tr Reaction time
ts Reactor shut-down time

T(�C) Absolute temperature/system
temperature

Tc(�C) Cooling water temperature
TC Tetracycline

TCE Trichloroethylene
u (m s�1) Fluid velocity

U (W/m2�C) Overall heat transfer coefficient
Umf (m s�1) Minimum fluidization velocity

UNICEF United Nations International
Children’s Emergency Fund

US EPA US Environmental Protection Agency
v (m s�1) Interstitial fluid velocity

V (L) Volume of solution

Applied Physics Reviews REVIEW pubs.aip.org/aip/are

Appl. Phys. Rev. 10, 031308 (2023); doi: 10.1063/5.0137651 10, 031308-3

Published under an exclusive license by AIP Publishing

 29 August 2023 15:25:40

pubs.aip.org/aip/are


Vb (m
3) Batch reactor volume

VOC Settled sludge volume
WCA Water contact angle
XPS X-ray photoelectron spectroscopy
XRD X-ray diffraction
XSS Mixed liquor suspended solids

concentration
a (mg g�1 min�1) Initial sorption rate

b Desorption constant
b0 (mol2 kJ–2) BET isotherm model constant associ-

ated with sorption energy
DHA (J/kmol) Enthalpy change of reaction per mole

of A
DH0

R Heat of reaction at standard pressure
and temperature

DHT
out Latent and sensible heat of exit gases

from ambient temperature (25 �C) to
gasification temperature, T

DP (kPa) Pressure drop across the reactor
DP Pressure difference

e (kJ mol�1) Adsorption potential
e0 Dielectric constant (capability of sub-

stance to undergo polarization in an
external electric field)

e" Dielectric loss (efficient loss that
quantizes effective transformation of
microwave energy into heat)

e� Complex dielectric constant
2 Void fraction of bed

kaf, kas(kcal/ kg m�C) Axial thermal conductivities of fluid
and solid

ke (kcal/ kg m�C) Effectual axial thermal conductivity of
reactor

kf (kcal/ kg m�C) Fluid thermal conductivity
l (kg m�1 s�1 Dynamic viscosity of water

l00 Dynamic viscosity of filtrate
q; qs(kg m

–3) Specific weight of water and solid
qf (kg m

–3) Density of fluidP
mjcj Summation of heat capacities of all reac-

tor components and the reaction mixture
(RmjcjÞ dTdt Heat accumulation rate

v Number of moles of reactant con-
verted per unit volume

v0 Filterability constant
x Mass of suspended dry solid matter

obtained per unit volume of filtered
sludge water

1 Dimensionless parameter
5S@Fe-500 Mass ratio of sludge and

Fe(NO3)3.9H2O–5:1 and calcined at
500 �C

(–DHA)VbRA Accounts for heat transfer rate due to
chemical reaction

I. INTRODUCTION

With accelerated urbanization and industrial expansion, enor-
mous quantities of sludge-based waste have been engendered over the

preceding decades.1 Sludge is comprehended as comprising particu-
lates agglomerated as flocs that function as hydrodynamically distinct
particles obtained as a derivative of diverse methodologies, including
agriculture, water purification plants, sand, and coal washery plants,
sewage treatment plants, and on-site sanitary systems.2 Sewage sludge
generated as an ancillary product in wastewater treatment facilities
comprehends over 80% water, an extensive array of transition metal
ions (like nickel, iron, cobalt, etc.), biological macromolecules, inor-
ganic (Al2O3, CaO, MgO, SiO2, etc.), and organic compounds (carbo-
hydrates, cellulose, lignin, lipids, and phenolics), pathogens, and a
higher proportion of phosphorous, and nitrogen, inflicting detrimental
impacts to the environmental and human health post disposal. Post-
drying sewage sludge encompasses 0.5%–2.5% phosphorous, 3%–4%
nitrogen, 50%–70% organic matter, and additional micronutrients like
copper and zinc.3,4 As an illustration, the greater content of heavy
metal ions present in sewage sludges could induce subterranean water
and soil pollution attributable to potential hazards of leaching.5,6 The
worldwide sludge generation on a diurnal basis surpasses 10 000
tonnes, and a conventional water treatment system yields around
1 00 000 tonnes of sludge annually.7 The global production of fecal
wastes (constituting human feces and animal fecal biomass) accounted
for around 3.9� 1012 kg/year in 2014 and is envisioned to reach
4.6� 1012 kg by 2030. Perilous handling and consequential exposition
of human and animal fecal matter are inextricably linked with stunted
growth, enteric diseases, inadequate cognitive skills, and zoonoses,
respectively.8

Consequently, the treatment of various sludges and their reus-
ability recently turned into a research hotspot.9 Progression of eco-
nomic, facile, and green strategies is essential to fulfilling the stringent
policy demands. Some ubiquitous sludge treatment strategies in devel-
oping nations, including incineration and landfilling, entailed inexpe-
dient secondary pollution.10 Sludge handling expenditures account for
almost 40%–50% of the total effluent treatment outlays and is also a
time-sapping process entailing the utilization of sophisticated machin-
ery. Hence, sludge treatment, reclamation, and disposition should be
administered economically, considering federal regulations. The U.S.
Environmental Protection Agency’s (EPA) 40 code of federal regula-
tions aimed at ascertaining safe usage and disposal of sewage sludge
innocuous to humankind and the surroundings.11 The aforestated per-
nicious effects of sludges can be alleviated through reuse by employing
various approaches like using them as constructional materials,12 feed-
stock for cement manufacturing,13 fabricating barrier coatings for
refuse heap, and production of bio soils on amalgamation with stabile
organic constituents of communal refuse,14 the pyrolytic transforma-
tion of sludge into bio-crude, synthesis gas, and a rigid char by-
product delineated as biochar15 and sustainable materials engineering
practice.16

Biochar is a pyretic carbonous matter acquired by the thermo-
chemical transformation of biomass in an oxygen-deficient atmo-
sphere.17 Attributable to greater surface area and porousness, facile
amendment strategies, cost-effective synthesis, and easy accessibility,
biochar is used in an extensive array of applications spanning from
carbon sequestration and soil amendment to effluent treatment.
Biochar could be generated from various feedstock substances, includ-
ing municipal refuse, factory waste, and agrarian derivatives.18 They
are bestowed with a plentitude of active sorption sites containing
–COOH, –OH, -C¼C–, –C–C–, mineral crystalline phases, distinct
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oxygen comprising functional moieties, and aromatic carbon frame-
works engendering them as multifaceted sorbents.19 Unmodified bio-
chars exhibit reduced adsorption efficiency toward contaminants,
while modified biochars activated chemically or physically enhance
various physicochemical characteristics, including functional layer
moieties, surface area, and pore structure functioning as substitutes for
conventional carbonous adsorbents (graphene,20–22 activated carbon,23

and carbon nanotubes).18

Generation of biochar from sludge-based biomass feedstock
bequeaths to sustainable development goal 12 and expedites zero-
waste and a wastewater-based circular economy through the
explicit carbonization of sludges to yield biochar catalysts or
adsorbents, thereby mitigating environmental liabilities. The con-
version of sludges into biochar solves two key challenges synchro-
nously by depreciating disposal costs while abetting as an asset
competent for eliminating various contaminants from wastewa-
ter.24 Additionally, biochar obtained by the thermochemical trans-
formation of sludge-based biomass has been employed in soil
amelioration in myriad ways ascribable to the adsorption of toxic
metal ions, pesticides, and refinement in soil structure and quality
and its biological characteristics, enhancement in agricultural pro-
duce while endowing to carbon sequestration.25

The world population growth is anticipated to increase to 10.4
� 109 by 2100 in concordance with the United Nations survey26 elicit-
ing the requisites for water to augment by almost 60% in the forth-
coming years.27 Accruing water demand is directly congruous with a
multitude of factors like economic advancement, growing population,
and variable usage patterns.28 As per the UNICEF data, in 2020, 5.8
� 109 people had access to securely handled potable water facilities,
while 771 � 106 people were devoid of the primitive standard of ame-
nities necessitating the prospection of freshwater resources and the
establishment of efficacious water conditioning and circulation mecha-
nisms.29 By 2025, it is envisaged that around 1.8 � 109 people will
have sustenance in nations with unmitigated water deficiency and
two-thirds of the globe will be subjected to water-stressed circumstan-
ces.30 Anthropogenetic wastewater generation and the contagiousness
of surface water bodies and soil expedites pernicious repercussions on
ecological and human health attributable to the depletion of biodiver-
sity and groundwater pollution contributing to the climate change cri-
sis.31 Traditional water treatment plants embody a multi-stage process
comprising coagulation and flocculation, sedimentation, clarification,
percolation, sterilization, and disinfection.32 The characteristics and
amount of sludge generated from the treatment stations rely on the
water purification technique employed, quality of influent and the
water desired at the consumers’ end, and type and dosage of adsorb-
ents employed, and it contains differing amounts of chemical ele-
ments, microbes, coagulants, and suspended and primal material.7

Even though customary wastewater treatment facilities serve as an
indispensable sanitation barrier, they imbibe around 3% of the global
electricity, thereby serving as one of the prodigious greenhouse gas
emitters and power consumers.33,34 In this context, sludge-based bio-
char has sprouted as a denouement to environmental remediation; the
transformation of sludge-based waste into biochar fosters the “waste
to adsorbent” approach along with serving as a soil amending agent,
and mass production of biochar is propitious as it generates revenue
in lieu of disbursements while addressing the concerns inextricably
linked to sludge management.35

The past five years corroborated an intensification in the number
of review articles on biochar, encompassing quintessential subjects like
the utilization of co-pyrolysis technique to augment the functionalism
of sewage sludge based-biochar and immobilization of toxic metal
ions,36 hydrothermal carbonization of plausible biomass residue along
with the environmental applications of the synthesized hydrochar,37

degeneration of organic contaminants from the water via biochar-
fostered advanced oxidation technique,38 bioremediation of antibiot-
ics,39 eviction of contaminants employing advanced oxidation
technique and adsorption by sludge-derived biochar,40 the prognosis
of biochar and its composites in persulfate-advanced oxidation
method,41 Fenton-like process for effluent treatment,42 adsorbents for
eliminating dyes from aqueous media43 and soil remediation.44

Contemporary reviews enshrouding the generation of sewage sludge
and its disposition concern, the synthesis, characterization, modifica-
tion, and activation strategies of sludge-derived biochar, and the utili-
zation of the aforementioned biochar as adsorbents for the elimination
of heavy metal ions, metalloids, dyes, and phenolic moieties, and in
catalysis, advanced oxidation processes, solid biofuel generation, role
in agronomy, toxicity assessment, and consequences on climatic varia-
tions45–49 serve as a compendium for eventual progress in their
domain; analogously this study endeavors to impart a meticulous
description of methodologies that can be endorsed for environmental
remediation considering the sustainable development goals employing
sludge-based biochar. We have comprehensively congregated the latest
advances in drinking water, fecal, and raw sewage sludge-based bio-
char for environmental remediation and explicated cutting-edge bio-
char synthesis methodologies including electron and gamma-beam
irradiation against the traditional methodologies customarily
employed. Advancements in engineered design and customization of
chemical reactors involved in sludge-based biochar production have
stimulated fresh outlooks on application-orientated effluent treatment,
soil amelioration, and toxic gas adsorption, possessing varied specific
necessities, entailing a review on biochar derived from the aforemen-
tioned sludges for environmental remediation. The present review is
the first that analytically contemplates biochars derived from drinking
water, fecal, and raw sewage sludge as a renewable means to promote
a circular economy in waste management for the adsorption of heavy
metal ions, antibiotics, microplastics, toxic gases, catalytic degradation
of organic compounds, vermicomposting, and soil amelioration lead-
ing to enhanced plant growth. This work also recapitulates the charac-
terization, SWOT analysis, and environmental impact considerations
of the aforestated sludges comprehending the designing of various
chemical reactors (fixed bed reactor, batch reactor, and fluidized bed
reactor) involved in biochar production along with the factor of safety
design considerations in reactors. We highlight the relationship
between various physicochemical properties, biochar characteriza-
tion, modification strategies, and factors implicating the character-
istics of sludge-based biochar for environmental remediation.
Furthermore, adsorption kinetic studies rendering details about
mass transfer mechanisms, adsorption rate and performance, and
categorization of isotherm models predicated on the number of
parameters, and their physical meanings imparting adsorption
information incorporating adsorption mechanisms involved and
utmost adsorption capacities, along with their significance and cor-
responding mathematical equations are also presented. Finally, we
articulate biochar recycling, and reutilization studies to annihilate
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secondary pollutants along with a description of its toxicity
assessment.

II. GENERATION, CHARACTERISTICS,
AND ENVIRONMENTAL IMPACT CONSIDERATIONS
OF VARIOUS KINDS OF SLUDGES
A. Drinking water sludge

Drinking water sludge (DWS) is an entailment of flocculation
and coagulation techniques employing trivalent iron (Iron (II) sulfate,
Ferrous chloride, Iron trichloride hexahydrate) or aluminum-based
salts (aluminum sulfate octadecahydrate) accumulated as a suspended
solidified matter resulting from the precipitation reactions of humus,
algal matter, colloidal and clay precipitates extant in freshwater resour-
ces.50–52 Colloidal contaminants in the feed water are evicted through
charge neutralization, sweep coagulation process, and sorption
through hydroxide-based precipitates. The residual moisture level of
wet sludge usually exceeds 80wt. %.52 The constitution of DWS differs
in contingence with the type of coagulating agent employed and water
resources being processed.51 Straightforward lagoon sludge treatment
involves an abatement in the total proportion of sludge being proc-
essed, succeeded by disposition as landfilling. Utilizing sand drying
beds is another permissible approach that encompasses the dewatering
of sludges from clarifying units or sedimentation tanks for consequen-
tial landfilling.2 Although the aforestated techniques are economical
and facile, they do not serve as persistent adequate findings owing to
the plausible pollution of soil and water reserves through the chemical
substances employed in the process and toxic metals (cadmium,
nickel, lead, etc.) exuded through sprouting industrial manufacturing
plants.51,52 Hence, researchers are emphasizing the advancement of
renewable sludge handling methodologies compliant with the strict
environmental regulations focusing on the reutilization of the disposed
refuse.52

B. Fecal sludge

Roughly around 31% of the population residing in developing
nations rely on incompetent sanitary facilities and disposition of fecal
sludge (FS)-derived wastes.53 Human feces, including flushing water,
urine, communal litter, and greywater, are conventionally discarded
within cesspits, latrine pits, or catch basins in regions devoid of effica-
cious sewerage networks incorporating in-house wastewater process-
ing facilities.54,55 The conglomerated FS is intermittently withdrawn
from the septic tanks and released into terrains and trenches in its
vicinity.55 Septage obtained from on-site sanitation systems is exempli-
fied by a black color and tends to be obnoxious owing to the emana-
tion of various gases like hydrogen sulfide precluding proper digestion
through prolonged storage. The peculiarities of FS are surpassingly
inconstant owing to the variance in sludge repository methodology,
retention period, and temperature. The sludge can be subjected to des-
iccation within perforated beds when dispersed as fine layers; never-
theless, malodors are anticipated during the dewatering step until it
undergoes proper digestion.2 FS predominantly comprises pathogenic
and organic impurities ten folds greater than that present in municipal
refuse, and in order to circumvent critical health concerns like hel-
minth disease, diarrhea, etc., and other ecological hazards, it is inexpe-
dient for application in the irrigation field.55,56 Conventional
techniques associated with fecal sludge treatment include composting,
drying beds, digestion, and developed marshlands, albeit the ecological

concerns are not addressed remuneratively.55 Within the framework
of municipal sewage, even though FS is a principal factor inducing
contamination, it possesses various nutrients (magnesium, potassium,
carbon, phosphorous, nitrogen, and selenium) capable of reprocessing
as anthropic fertilizers by virtue of appropriate accumulation, han-
dling, and sanitary techniques.53,57 Researchers are exploring sustain-
able remedies against illegitimate disposals through thermochemical
transformation techniques and the plausibility of biochar generation
for efficaciously processing FS and yielding biofuel.56

C. Raw sewage sludge

Raw sewage sludge (RS) accounts for the sedimentary refuse
comprising solubilized or particulate matter of inorganic or organic
substances emanating through effluent treatment. Contingent upon
the processing approaches utilized, RS can exist as a semi-fluidic or
liquified substance constituting around 2–8 wt. % solids.2 In terms of
dry matter content, it comprises organic compounds spanning from
35% to 65%, while the remnants account for incombustible ash. It is
acquired from immense quadrangular or circular sedimentation tanks
permitting the residence of denser materials underneath, which are
eventually scooped out through inbuilt sludge scrapers toward sub-
aqueous ducts. The dense slurry deposited is then siphoned to the
sludge repository and processing section for subsequent treatment. RS
can also be congregated through tertiary or secondary sedimentation
tanks. RS present in the sludge repository is subjected to consequential
physical, biological, and chemical treatments in order to abate the total
water content and annihilate the possible menaces (such as the exis-
tence of harmful pathogenic bacteria, toxic metals, and generation of
obnoxious odor and volatile gases during decomposition of organic
content) associated with it. Conventional RS processing methodologies
encompass thermal hydrolytic approaches, prefatory treatments,
thickening, stabilizing, clarification, dewatering, desiccation, and
calefaction.58

Figure 1 elucidates the advantages, shortcomings, and opportuni-
ties for subsequent breakthrough research along with the risks associ-
ated with drinking water, fecal, and raw sewage sludges investigated
via the SWOT analysis.

D. Sludge characterization criteria

Sludge processing is predominantly governed by multifarious
parameters, including specific resistance to filtration, sludge stability,
compressibility coefficient, capillary suction time regulating sludge set-
tling, coagulation, dewatering properties, and sludge volume index
relating to sludge digestion and stabilization. Table I enlists the promi-
nence of various sludge characterization parameters along with their
mathematical expressions.

III. SLUDGE BASED BIOCHAR

Sludge management systems entail exorbitant costs arraying
from 20% to 60% of the overall operational costs associated with sew-
age treatment plants. Incineration or landfilling of sludge-based wastes
might engender secondary pollution leading to lowered ecological sus-
tainability. In addition to dewatering improvement, the straightfor-
ward thermochemical transformation of sludges to generate biochar
adsorbents or catalysts fostering circular economy has acquired con-
siderable attention over the decades, mitigating environmental
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concerns and endowing sustainable development goal 12: SDG12
(responsible production).62

A. Circular economy in waste management

Sludge processing and elimination approaches are crucial for
ecological sustainability ascribable to organic and inorganic con-
taminants and pathogenic microbes engendering health concerns,
thereby necessitating elimination.63 Concurrently, they entail large
amounts of energy and concomitant ecological implications, the
expenditures associated with sludge management typifying proxi-
mately 50% of the overall operational-cost of wastewater treatment
facilities.64 Dumping of sludge-based wastes is liable for almost
40% of the carbon emissions from the treatment plants; this pro-
portion could be abated by the application of circular economy
principles.65 The circular economy principle originated as a substi-
tute for the “Take-make-dispose” (linear) economic paradigm
predicated on the standards of cradle-to-grave, biomimicry, blue
economy, industrial ecology, looped and performance economy,
and regenerative design.66 The circular economy is a robust

industrial network that deputizes the “end of life” conception with
a transposition toward the utilization of sustainable energy sour-
ces, eradicating the usage of noxious substances that debilitate
reutilization, and endeavors waste disposal by employing superior
design of materials, systems, etc., thereby scheming to maintain
products at their unparalleled utility invariably.67 Attributing to
legislation restricting land application and landfilling as sludge dis-
position strategies, several investigators have assayed recycling and
reutilization of sludge as conceivable sustainable ecological possi-
bilities.68 Commensurate with this, the European Commission
(2011) contemplates that if waste is to be transformed into a
resource to be looped back within the economy as a feedstock,
then greater precedence must be provided toward recycling and
reutilization. Utilization of sludge-derived waste as a feedstock in
discrete industrial sectors epitomizes a tremendous opportunity
for sludge processing and handling, envisaging the integrities of
the circular economy.69 In view of the potential risks associated
with the discharge of sludges, and in concordance with the
standards of circular economy, the generation of biochar from dif-
ferent sludges serves as an effective method for promoting

FIG. 1. SWOT (Strengths, weakness, opportunities, and threats) analysis of A-drinking water sludge (DWS), B-fecal sludge (FS), and C-raw sewage sludge (RS).
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carbon-dioxide sequestration and eradicating sludge-based
wastes.70 It aims to satisfy sustainable development demands
through waste mitigation, recycling, and reutilization.71 The con-
cept of reutilizing waste in regenerated systems endeavors to cul-
minate the material usage loop contemplating economic
sustainability and value addition. The circular economy approach
to waste management, as per the European Union regulations,
deals with the thermochemical conversion of sludge into biochar,
synthesis gas, and bio-oil.15,72 Worldwide implementation and
commercialization of biochar utilize an enormous quantity of
biomass-derived waste as a regenerative raw material in a value-
aggregated approach thereby facilitating a circular bioeconomy
and sustainable waste management. Biochar generation is
supplemented by diminishing demand for waste incineration and
landfilling while yielding renewable bioenergy.73 Integrating eco-
nomic, multifaceted, and green materials like biochar in wastewa-
ter treatment techniques permits us to enhance the treatment
efficacy while depreciating the carbon footprint for SDG 6 and
SDG 13.

B. Biochar production techniques

Sludges being bestowed with a substantial amount of biomass
can be thermochemically transformed into biochar and other entail-
ments. This section accentuates some of the cutting-edge biochar pro-
duction techniques employing ionizing radiations apart from the
conventional methods appertaining to drinking water, fecal, and raw
sewage sludges as enlisted below. Among varied biochar generation
techniques, slow pyrolysis possessing greater commercial viability,
technical maturity, and climate change mitigation epitomizes the
domineering techniques for yielding biochar.

The various stages involved in biochar synthesis employing the
customary approaches, namely, (a) hydrothermal carbonization, (b)
traditional pyrolysis (c) updraft and (d) downdraft gasification meth-
ods, and (e) torrefaction are illustrated in Fig. 2.

1. Hydrothermal carbonization (HTC)

Hydrothermal carbonization is a thermochemical transformation
technique inducted by Friedrich Bergius in 1913 while dealing with

TABLE I. Sludge characterization criteria delineating the mathematical expressions.2,59,60

Sludge characteri-
zation parameters

Test method
employed Mathematical expressions Significance

Specific resistance
to filtration (SRF)

Buchner funnel test SRF ¼ 2DPA2b
lx It serves as a pragmatic means of analyzing

the dewaterability of the sludge, i.e., opposition
imparted by sludge toward water removal.
SRF is concurrent with the filtration rate
and quantizes the sludge filterability.

Sludge stability Aerobic digestion Ss ¼ 100a0 1� OURmeas
OURmax

h i
The stability of aerobically digested

sludge is enumerated
using the mathematical equation put forth by
Paulsrud and Eikum.61 Greater sludge stability

results in ameliorated sludge digestion.
Compressibility
coefficient

Voir filterability
test

R0c ¼ RoHk
L The cake compressibility coefficient is contingent

upon its specific resistance, and it analyzes the capability
to compress sludge components on the

application of normal stresses.
Capillary suction
time (CST)

CST test CST ¼1 l00C00

v0

h i
It is the time stipulated for a specific amount
of filtrate acquired from sludges to be absorbed
by a blotting sheet by virtue of capillary forces.
It is utilized to evaluate the impact of sludge
conditioning on filterability and to ascertain

the optimal dosage of conditioners
needed for dewatering.

Sludge volume
index (SVI)

Settleability test SVI ¼ PS
PX

ORSVI ¼ ð1000VOC ÞXSS It connotes the settling properties of sludge
subjected to the activation process with different

SVI values signifying distinct kinds of
settling properties described below:

SVI values Settling properties of sludge
SVI> 150 Inadequate settling

causing sludge bulking.
50< SVI< 100 Fine settling
100< SVI< 150 Good settling
100< SVI< 150 Exceptional settling
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the coalification of cellulose-based biomass.74 It targets the conver-
sion of biomass matter loaded within high-pressure batch reactors
into hydrochar and other entailments like carbon dioxide and pro-
cess water at reaction pressure and temperatures ranging from
2–10MPa and 180–250 �C, respectively, with optimum residence
time.75 Hydrochar is obtained through sequential reactions incor-
porating condensation, polymerization, cross-linking, and desicca-
tion stages of sludge-based biomass in a hydrothermal
carbonization reactor.76 This technique utilizes the benefits of
greater residual moisture content of sludge-based feedstock mate-
rial in the presence of water as the reaction medium at autogenic
saturation pressures and subcritical temperatures, generating a
reactive solvating atmosphere, thus circumventing the necessity
for an energy-intensive drying step.77 Moreover, the HTC tech-
nique is accounted to possess a greater yield (�50%–80%) in con-
trast with the slow and fast pyrolysis methodologies.78 Escala
et al.79 reported an abatement in the electrical and thermal energy
requirements of hydrothermally carbonized sewage sludge by 65%
and 60%, respectively, in contrast to the energy consumption
involved in traditional drying processes.79 The yield and character-
istics of hydrochar obtained are contingent upon multitudinous
factors, encompassing the type of catalysts and reaction medium
employed, processing, loading parameters, and the constitution of
feed material. The hydrothermal technique can be further classified
at elevated temperatures into hydrothermal gasification and
hydrothermal liquefaction, yielding biogas (an admixture of car-
bon dioxide and methane) and bio-oil.80

2. Pyrolysis

a. Conventional pyrolysis The conventional pyrolytic transforma-
tion of organic biomass into carbonaceous substances (biochar), bio-
gas, and bio-fuel at elevated temperatures in a muffle furnace, fixed
bed horizontal tubular reactors, or vacuum tube furnace in an oxygen
deficit atmosphere with a minimal discharge of greenhouse gases ante-
cedes to archaic Egypt. Biochar generated can enhance feedstock mate-
rial properties when incorporated as a filler in building equipment and
soil amelioration.81 The quantitative and qualitative peculiarities of
biochar obtained are influenced by various processing criteria, includ-
ing residence time, rate of heating, raw material particulate size, and
temperature. For instance, greater pyrolysis process temperature leads
to an enhancement in various biochar properties, such as
Brunauer–Emmett–Teller surface area, toxic metal stabilization, acces-
sible essential nutrients, pH, and carbon content, whereas its cation
exchange capacity, overall nitrogen content, total yield, and water
adsorption capacity are diminished. Biochar generated at elevated tem-
peratures ameliorates its porousness, subsequently augmenting its effi-
caciousness as sorbents for capturing pollutants in the soil. In contrast,
at lower temperatures, it is desirable for agrarian purposes.82 Among
different types of pyrolysis, fast pyrolysis serves as a predominantly
effective technique for generating bio-oil owing to a greater amount of
oil produced by virtue of a lower residence time and greater heating
rate. In contrast, the slow pyrolysis method is beneficial for developing
biochar possessing characteristic yield values of 35% from dry biomass
attributable to prolonged residence time and lower heating rates.83

FIG. 2. Schematic illustration of various conventional biochar generation techniques: (a) Hydrothermal carbonization (HTC) process and the sequential reactions (condensa-
tion, polymerization, cross-linking, dehydration) associated with hydrochar generation, (b) conventional pyrolysis of sludge-derived biomass, (c) updraft and (d) downdraft gasifi-
cation processes, and (e) various steps associated with the torrefaction of sludges.
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Table II outlines various processing parameters, such as the pyrolysis
type, reactor type, heating rate, pyrolysis temperature, carbonization
atmosphere, and inert gas flow rate, involved in the pyrolysis of
sludge-based-biochar along with the percentage yield and changes in
properties after the thermochemical transformation.

b. Microwave-assisted pyrolysis The microwave region in the elec-
tromagnetic spectrum spans from 1mm to 1m wavelengths with cor-
responding frequency values of 0.3–300GHz. The practicality of the
microwave-assisted pyrolysis technique is based on its ability to partic-
ularly heat substances, modify reaction pathways and expedite the
conversion rate due to fast proportional heating at molecular scales. It
has a considerable scope as an effective thermal source for processing
and valorizing sludges. Microwave energy absorbance of substances is
regulated by their dielectric characteristics, namely, dielectric loss and
dielectric constant. The resultant dielectric characteristics of substan-
ces are denoted by the following equation:

e� ¼ e06 je00: (1)

Dielectric heating occurs on the molecular scale activated through
incident microwaves resulting in the electromagnetic coupling of dipo-
lar organic matter in sludge and water. The predominant dielectric
heating mechanisms involved include athermal effects because of ionic
migration and thermal effects attributable to dipolar rotation.88 This
technique exhibits substantiated amelioration in biochar quality and
yield and the ability to repudiate unwanted secondary reactions amidst
evanescent substances.78

3. Gasification

Gasification is a thermochemical technique in which carbonous
matter is transformed into inflammable gases and ash in the presence
of a reducing environment.89 Contrary to conventional pyrolysis, the
gasification process necessitates the usage of gasifying agents like oxy-
gen (oxygen gasification) or steam (steam gasification occurs at tem-
peratures greater than 800 �C) for reorganizing molecular framework,
incorporating hydrogen and stripping hydrocarbon from the feedstock
employed.78 It is typically characterized by intricate chemical and
physical modifications of sludges commencing with the desiccation
process leading to the generation of preliminary gaseous fuel and solid
or liquid-based byproducts. The dried sludge is subjected to thermoly-
sis followed by gasification of char, incondensable and condensable
vapors, and pyrolysis derivatives, where they undergo synchronous
oxidation and reduction reactions. The drying stage involves the
degression of sludge within the gasification unit with subsequent mois-
ture vaporization by heat released in the lower regions. The calorific
content of gas generated is determined by various parameters like the
reactor and feedstock used, while the characteristics of fuel obtained
through gasification are conditional on residual moisture content, car-
bon content, and evanescent matter.89 The heat of gasification
involved can be expressed by an energy balance equation delineated as
follows:90

�DH0
R ¼ DHT

out þHloss: (2)

The updraft gasification systems are associated with the move-
ment of gasifying medium (steam, oxygen, or air) in the upward direc-
tion, while the fuel bed descends underneath, thereby ensuring the
solid and gaseous components to be in a concurrent mode. The

gasifying media penetrates the bed through the grate, where it comes
in contact with the heated ash bed. On the other hand, the downdraft
gasifier serves as a synchronous reactor, which involves the entry of air
within the gasifier at specified distances beneath the top. The product
gases surge in the downward direction and exit from the base region
of the gasifying unit through a heated ash bed.91

4. Torrefaction

Torrefaction (mild pyrolysis) is associated with the gradual heat-
ing of biomass in rotary kilns, fluidized bed reactors, quartz tube fur-
naces, or fixed bed reactors at ambient pressures and temperatures
spanning from 180 to 320 �C in an oxygen-deprived atmosphere. The
principal purpose of the torrefaction technique is to modulate the
heating rate, surface area, moisture content, and particulate size of bio-
char. The torrefaction process is often categorized into three classes:
wet torrefaction, oxidative torrefaction, and steam torrefaction. Wet
torrefaction involves the inclusion of water, and the biomass treatment
is performed at residence time and processing temperatures of
5–240min and 180–200 �C, respectively. Steam torrefaction encom-
passes biomass treatment in the presence of steam at temperatures not
greater than 260 �C with a residence time of 10min. Oxidative torre-
faction entails biomass treatment employing oxidizing agents, involv-
ing gases customarily employed in combustion, where energy
generation occurs post-completion of the process.18 The oxygen con-
tent of the initial biomass matter is greater than that of the torrefied
derivatives, while the heating value is considerably less. Torrefied
derivatives are exemplified by enhanced hydrophobicity, energy den-
sity, brittleness, and resistance to microbial decomposition.92 This pro-
cess yields superior-grade biofuels for subsequent thermochemical
transformation through combustion, gasification, and pyrolysis.93 The
energy prerequisites for this process are computed by quantifying the
energy involved in heating the inflowing biomass from atmospheric to
torrefaction temperature, latent heat of evaporation, and devolatiliza-
tion contingent with the equation given as follows:94

Q ¼ m0dH: (3)

The torrefaction process at the pilot scale consists of a vertically ori-
ented furnace encompassing numerous hearths comprising a rotating
shaft. The furnace column is outfitted with multiple hearths and an
interior rabbling arrangement to ascertain the translation of sludge-
based biomass within the hearth.95 Before the biomass is fed into the
furnace, the system is preheated for the specified duration until the
operational processing temperature is attained. The torrefied sludge
egressing the oven is cooled within two sequential screw conveyors
and eventually collected. Table III summarizes the processing condi-
tions and characteristics of DWS, FS, and RS-derived biochar.

5. Ionizing radiations

Ionizing rays employing electron beams and gamma rays gener-
ated by electron accelerators and gamma irradiators are used to steril-
ize sludges of microbes competently, and they also find potential
applications as soil conditioners in agriculture.

a. Gamma beam irradiation. High-energy gamma rays generated
during the radioactive disintegration of radioisotopes like 60Co and
137Cs can penetrate substances and immobilize microbes by cleaving
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TABLE II. Processing parameters associated with the pyrolysis technique encompassing the percent biochar yield and changes in properties of sludge-derived biochar.

Sr.No. Sludge type
Pyrolysis
type

Reactor
type

Pyrolysis
temperature

(�C)
Heating rate
(�C min�1)

Residence
time
(min)

Carbonizati-
on

atmosphere

Inert gas
flow rate

(ml min�1)
Biochar yield

(%)
Change in
properties Ref.

1. SS Slow
pyrolysis

Quartz
tube

furnace

500, 600, and
700

25 300 Nitrogen
(N2)

630 40.2–54.5 - Ash content,
bio aromatic-
ity, micro, and
macronutrient
content, and
pH were

intensified at
elevated pyrol-
ysis tempera-

tures.
Moreover,
molar ratios,
percentages of
O, N, H, bio-
char, crystal-
lite size, and
biochar polar-

ity were
diminished.

84

2. SS Electrical
furnace

300, 400,
500, 600, and

700

3 120 Argon (Ar) � � � 52.9–72.5 - Biochar yield
was substan-
tially dimin-
ished to 52.9%
at 700 �C from

72.5% at
300 �C, while
an enhance-
ment in the

pyrolysis tem-
perature
resulted in
ameliorated
gas yield.

Furthermore,
a depreciation
in biochar
bulk density
and intensifi-
cation of

porosity and
particle den-
sity were
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TABLE II. (Continued.)

Sr.No. Sludge type
Pyrolysis
type

Reactor
type

Pyrolysis
temperature

(�C)
Heating rate
(�C min�1)

Residence
time
(min)

Carbonizati-
on

atmosphere

Inert gas
flow rate

(ml min�1)
Biochar yield

(%)
Change in
properties Ref.

ascertained at
higher pyroly-
sis tempera-

tures.- Biochar
synthesized at
reduced tem-
peratures
exhibited

greater total
organic carbon
and nitrogen
content and
curtailed

CaCO3 equiv-
alent, C/N
ratio, and K,
P, and Na
proportions.

3. Biosolid
(Treated SS)

Slow
pyrolysis

Fluidized
bed reactor

400, 500, an
600

35 60 Nitrogen,
carbon diox-
ide (CO2)

7500 N2 atmo-
sphere:

46.26 0.1 to
54.76 0.3;
CO2 atmo-
sphere:

46.26 0.11
to 54.16 0.1

-Elevated
pyrolysis tem-
peratures
entailed

greater surface
area, fewer
functional

moieties, and
reduced O/C
and H/C pro-
portions. -
Biochar syn-
thesized in
CO2 and N2

atmospheres
demonstrated
greater surface
area and aug-
mented salin-

ity,
respectively.

86

4. DWS Horizontal
rotary

300, 500, and
700

10 60 Nitrogen � � � 43.18–60.18 - Proximate
analysis
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TABLE II. (Continued.)

Sr.No. Sludge type
Pyrolysis
type

Reactor
type

Pyrolysis
temperature

(�C)
Heating rate
(�C min�1)

Residence
time
(min)

Carbonizati-
on

atmosphere

Inert gas
flow rate

(ml min�1)
Biochar yield

(%)
Change in
properties Ref.

reactor studies mani-
fested that the
as-prepared
biochar had

greater carbon
stability for

plausible perti-
nence for car-
bon sequestra-
tion.- Ultimate
analysis stud-
ies signified
that the sur-
face hydro-

phobicity var-
ied as follows:
-Biochar >
DWS. -

Moreover, the
synthesized
char could be
employed as
adsorbents
and soil cul-
ture medium
ascribable to
decreased

metal content,
greater surface
area, and stim-
ulation on

germination.
5. FS Slow

pyrolysis
Tunnel
furnace

350, 450, and
600

25 3 10, 20, 40 Nitrogen 8–33.33 57.7–70.4 - Shorter hold-
ing time

(10minutes)
was sufficient
for the thor-
ough pyrolysis
of FS. - The
biochar syn-
thesized in
this study
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the covalent linkages of microbial DNA. It is applicable under secure
and regulated operating conditions, and as there is no production of
moisture or heat, it is devoid of outgassing, condensate discharge, ther-
mal stress, and residuum radioactivity post-irradiance.99

b. Electron beam irradiation. This technique is associated with
bombarding the target with a high-energy electron beam inducing a
surge of electrons impelling throughout the material. The electrons
engendered in the process undergo interaction with the atoms present
in the metal target, knocking out electrons from their orbitals, thereby
producing free radicals. A particle accelerator is employed to accelerate
the electrons produced to the relative light speed. The consequent
energy typically spans from 3–10MeV, and on conjugation with the
power of the order of 1–50 kW, it can penetrate through an extensive
array of materials. The electrons generated interact with the sludge,
resulting in molecular dissociation, excitation, recombination, and
fragmentation, as illustrated in the mechanism below (Fig. 3). The
electrons engendered during irradiation with a beam of electrons can
interact with genetic components or other cellular elements present in
organisms, eventually affecting the capability of the cells to replicate
and endure. This direct effect of radiation is known to portray an
inconsiderable role in the treatment of pathogens and is found to be
substantial in the elimination of more than 10% of organic com-
pounds when the concentration of pollutants exceeds 0.1 M.100 These
same electron species liberated can also instigate ruptures in the
double-helical DNA strands of the microbes, prohibiting gene replica-
tion and eventuating its ability to sterilize99,100

1:ABþ e� ! AB�þABþþe� molecular dissociationð Þ
2:ABþþe� ! AB� recombinationð Þ
3:AB� ! A� þB� fragmentationð Þ
4:ABþ ! Aþ þB� fragmentationð Þ

(4)

where �: Free radical generated; �: anion; þ: cation; �: excited
molecule.

C. Designing reactors for biochar production

Chemical reactors are sophisticated apparatus characterized by
diffusion, friction, mass transfer, or heat transfer in conjunction with
regulable chemical reactions promoting the transformation of feed-
stock into the desired products, and its design serves as a critical mile-
stone in the comprehensive process design.59

For designing chemical reactors, the following criteria should be
fulfilled:

(i) Chemical factors: reaction kinetics—reactors should be
designed to yield adequate residence time for the intended
chemical reactions to advance to the requisite degree of
conversion.

(ii) Heat transfer considerations: they should be modeled con-
sidering the heat inclusions and eliminations of the heat of
the reaction.

(iii) Mass transfer considerations: the rate of heterogeneous
chemical reactions can be regulated through the diffusion
rate of the reacting entities in lieu of chemical kinetics.

(iv) Safety margin: reactors should constrain perilous products
and reactants while regulating chemical reactions and proc-
essing parameters.TA
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The fundamental processes involved in designing chemical reac-
tors are synopsized in the supplementary material (Fig. S1).102

While selecting reactor parameters, especially in design optimiza-
tion and reaction conversion, the interaction of chemical reactor
design with distinct processing conditions must be considered. The
degree of conversion of feedstock loaded in reactors influences the
expenditure and sizing of apparatus essential to segregate and repro-
cess untransformed components. In this context, the reactor and its
corresponding equipment should undergo optimization as individual
entities.102

The categorization of chemical reactors used in thermochem-
ical transformation processes, namely, torrefaction (based on
gas–solid mixing and heating mode employed), gasification, fast
pyrolysis, and hydrothermal carbonization is represented in the

supplementary material (Fig. S2).103 Among an extensive array
of reactors used in thermochemical transformation processes, flu-
idized bed [Fig. 4(a)], fixed bed reactors [Figs. 4(b)–4(d)], and
batch reactors [Fig. 4(e)] predominantly utilized for biochar pro-
duction employing drinking water, fecal, and raw sewage sludge
illustrated in the figure given below will be emphasized in this
section.

1. Fluidized bed reactors

Indigenous reactors of this kind include the Winkler coal gasifier
patented in 1922, accompanied by the Esso cracker in 1940, which are
presently being superseded by riser reactors employing zeolite-based
catalytic systems.101 The fluidization technique can be exclusively

TABLE III. Biochar production techniques encompassing their characteristics and processing parameters.

Sludge
type

Biochar pro-
duction
technique

Biochar yield
(%)

Heating
rate

(�C= min)
Residence

time
Temperature

(�CÞ pH

Surface area
(� 104)
(m2 kg�1)

Total pore
volume
(� 10–5)
(m3 kg�1)

Pore radius
(Å) Reference

DWS Hydrotherm-
al

carbonization

51.19–67.19 4 h 140–200 4.32–4.50 15.69–28.58 22.1–44.7 18.20–18.25 81

Pyrolysis 43.18–60.18 10 1 h 300–700 6.57 10.47–10.88 35.5 – 37.6 64.45–90.32 81
FS Hydrotherm-

al
carbonization

70–73 - 5 h 250 6.8–7.2 0.44–0.56 3.5–4.9 8.6–9.2 55

Pyrolysis 19–66.7 15 1 h 300–600 9.11–10.8 � � � � � � � � � 96
RS Hydrotherm-

al
carbonization

57.29–84.73 � � � 4 h 160–250 7–8 0.29–0.12 � � � � � � 97

Pyrolysis 45 3 2 h 500 9.54 � � � � � � 25
Gasification 36–60.8 5 34–55min 750–850 � � � � � � � � � 98
Torrefaction 69.1–94.9 � � � 3–10.8min 220–320 � � � � � � � � � 92

FIG. 3. Pictorial representation of different
steps involved in the interaction of high
energy electrons with sludge biomass
matter, ensuing in the dissociation, elec-
tronic excitation, recombination, and frag-
mentation of molecules.
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employed for reasonably small-sized particulate matter, less than
300l m for gases.102

The fundamental characteristics of fluidized bed reactors (FlBR)
involve solid components (reactant, catalyst, or inert substances
included for facilitating heat transfer) being suspended by ascending
current of reacting fluid, expediting greater heat and mass transfer
reaction rates and favorable mixing. At lower velocities, the fluid
induced onto the static bed flows through the cavities of particulate
solids, while at higher velocities, the static bed undergoes expansion till
the particulate matter becomes suspended as the forces of gravity and
drag forces are counterbalanced by the buoyant forces. The bed gets
entirely suspended at the minimum fluidization velocity (Umf) when
the particulate mass corresponds to the pressure differential existing
across the bed, and it can be computed using the following
expression:104

Umf ¼ 16:50
d2 qs � qð Þg

l
: (5)

Commensurate with the fluidization velocity, different flow
regimes like bubbling fluidization, turbulent fluidization, particulate
fluidization, pneumatic conveying, and slugging fluidization are
attained, and it also impacts homogeneous temperature distribution,
enhanced mass transfer rates, and good particle mixing characteristics.
Reactor geometry is another significant criterion influencing the par-
ticulate mixing and dispersion in fluidized bed reactors. For instance,
cylindrical bed FlBR resulted in higher mixing rates in contrast with
square bed reactors owing to dead zones in the latter impeding ade-
quate mixing in the reactors.104

Mart�ınez et al.92 conducted torrefaction experiments of sewage
sludge using a lab-scale fluidized bed to analyze the effect of tempera-
ture and residence time on the properties of the final product. With a
maximal bed height of 0.15 m, the crushed and screened sludge par-
ticles were supplied to the reactor at a feed rate varying from 10�4 to
26.67� 10�4kg/s. The mean solid and gas residence time was modi-
fied from 216–612 and 6.17 to 5.02 s, respectively. The reactor free-
board, bed, and cyclone were subjected to heating through an electric

FIG. 4. Diagrammatic representation of different types of chemical reactors employed in the thermochemical transformation of sludge-based biomass into biochar: (a)
Conventional fluidized bed reactor system, (b) fixed bed reactor, (c) single-bed adiabatic fixed bed reactor, and (d) multi-phase adiabatic fixed bed reactor encompassing heat
exchangers between different stages, and (e) conventional batch reactor.
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kiln, and the torrefaction temperature ranged from 220 to 320 �C. A
hot filter maintained at a similar temperature as the reactor bed was
positioned prior to the condensate system (comprising an electrostatic
precipitator and two frigid condensers) to withhold fine particulate
matter with a micro chromatograph setup to analyze the composition
of flue gases.92

2. Fixed bed reactors

Fixed bed reactors (FiBR) are extensively utilized for the thermo-
chemical transformation of biomass matter, and they can be employed
in incineration in grate-type furnaces and gasifiers for generating syn-
gas. The major classes of fixed bed gasifiers include cross-draft fixed
bed systems, co-current or downdraft fixed bed systems, and counter-
current or updraft fixed beds.103 The fixed bed reaction mechanism
involves the liberation of combustibles through pyrolysis, which is fur-
ther incinerated due to heat transfer through furnace walls and exis-
tent flame. The inflamed region proliferates to the particulate matter
in its proximity through heat transfer accompanied by subsequent oxi-
dation and gasification stages of char beyond the inflammation front
possessing a depreciated reaction rate. The grate-type furnaces are
characterized by a specific phase involving the oxidative conversion of
char, post the movement of the inflammation front toward the base of
the reactor bed. The peculiarities of the reaction in a fixed bed are
influenced by various parameters, including the flow rate of air, partic-
ulate size, and fuel characteristics. Air flow rate ascertains the extent of
heat transfer through convection mode and the oxygen content of the
fuel. Pressure drop, void ratio, and air diffusion within the bed are
some factors impacting the particulate size distribution and particle
size. Calorific value and volatile matter fraction of fuel ascertain the
heat of the reaction and the quantity of inflammable components dis-
charged during pyrolysis.105

The laboratory scale FiBR comprises a columnar reactor, air feed,
load cells, and gas cleansing system. A perforated plate is located within
the reactor to sustain the bed encompassing fuel particles and circulate
air steadily. A k-type thermocouple was employed to estimate the tem-
perature in the bed’s interior. Load cells were ensconced beneath the
reactor system to control the fuel weight. Air was dispensed through a
compressor with flow rate values spanning from 74.5 to 596 kg m�2

h�1. The fuel components were incinerated in the upper region of the
bed employing kerosene. The product gases released from the reactor
were transmitted across a condensing system utilizing acetone and
water. Post-segregation of water and char, the incondensable gases were
conveyed through an electrostatic precipitator to eliminate particulate
matter. The purified gaseous components were examined to estimate
the constitution of gases through an online analyzer for unremitting
regulation and a gas chromatograph for comprehensive analysis of
CH4, O2, CO2, CO, H2, and other bulkier hydrocarbons.

105

a. Design considerations in adiabatic FiBRs. Adiabatic FiBRs are
characterized by the presence of a catalyst as a homogeneous static
bed enclosed by external insulation jackets and the dispersal effect and
convective heat and mass transfer occurring along the flow
direction.106

(i) Pressure drop evaluation:
The differential pressure across an adiabatic FiBR is com-
puted through the Ergun equation106

DP
L
¼ 150: 1� 2ð Þ:l0

dp
þ 1:75:G

 !
:
1� 2ð Þ
23 :

G
dp:qf :gc

: (6)

(ii) Axial heat dispersion coefficient:
Axial heat dispersion coefficients in an adiabatic FiBR
can be estimated through the Dixon and Cresswell
expression106

1
Pea
¼ kea

u:qf :cpf :dp
¼

kaf
u:qf :cpf :dp

þ

kas
kf

Re:Pr
þ
u:qf :cpf
ah:dp

: (7)

In Eq. (7), for greater Re values, Pea � 2
(iii) Axial mass dispersion coefficient:

The axial mass dispersion coefficient for adiabatic FiBR is
analyzed based on the correlativity proposed by Edwards
and Richardson that was further investigated by Wen and
Fan107 on various empirical findings applicable in the range
of 2.2	 Sc	 0.28 and 400	Re	 0.08106

1
Boa
¼ Dea

v:dp
¼ 0:5

1þ 9:5:2= Re:Scð Þ
þ 0:75: 2

Re:Sc
: (8)

Table IV outlines the design parameters of various kinds of FiBRs
involved in the thermochemical conversion of sewage sludge into
biochar.

3. Batch reactors

Batch reactors are tanks customarily equipped with agitators and
heat transfer mechanisms to sustain temperatures within reasonable
limits. In such reactors, all reagents are charged simultaneously, the
concentration changing over time and becoming consistent thor-
oughly. They are predominantly utilized for moderately slow reactions
proceeding for multiple hours.101 Batch operations differ from contin-
uous processes in several attributes, including operating technique, the
versatility of performance, low-volume manufacturing, determinate
functioning duration, and initial charging parameters.110 Small-sized-
batch reactors usually necessitate fewer ancillary devices like pumps,
with their regulation mechanism being less intricate and expensive.
Batch reactors possess several benefits associated with heterogeneous
reactions; agitation systems could be configured to permit the suspen-
sion of solids within liquid systems and the dispersion of non-miscible
fluid systems. Estimating the volume requisites for batch reactors
involves designating the liquid volume to be processed. The design of
a reactor vessel is associated with augmenting the height by almost
10% to account for freeboard regions encompassing perturbations and
waves on the liquid surface, with an auxiliary freeboard needed in the
case of contemplated foaming reactions.111

a. Fundamental design equations associated with batch reactors.

(i) Computation of reaction time:
Estimating the time stipulated to achieve the desired conver-
sions is the primary objective in designing batch reactors. The
reaction time (tr) is analyzed using the generic material bal-
ance equation. For reversible reactions, the reaction time
incorporating multiple reagents can be expressed as the num-
ber of moles of reactant A converted per unit volume111
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tr ¼
ðvf

0

dv
RA

: (9)

(ii) Maximum production rate:
The maximum production rate for batch processes involv-
ing no changes in volume can be expressed as the maximum
value in the following equation:

v
tr þ ts

; (10)

where ts ¼Reactor shut-down time.111

(iii) Heat balance in non-isothermal processes:
The heat balance across non-isothermal batch reactors can
be estimated through the following expression:111

�UAt T � Tcð Þ þ �DHAð ÞVbRA ¼ Rmjcj
� � dT

dt
: (11)

(iv) Heat balance in adiabatic processes:
For adiabatic processes, the heat balance depicts the temper-
ature at any step of the reaction process, and this could be
explicated in terms of reaction conversion attributable to
the fact that heat liberated during the reaction is restrained
as sensible heat within the reactor. For adiabatic reactions at
constant volume, the heat balance can be expressed as
follows:111

�DHAð ÞVbdv ¼ Rmjcj
� �

dT: (12)

4. Design considerations (factors of safety) in chemical
reactors

Chemical reactors involving exothermic reactions exemplify the
most lethal operational entities in the chemical industry. Safety
audits of the chemical reactors’ functioning must be conducted at
every design and fabrication stage.112 Errors result from uncertain-
ties in the design data procured and, in the approximations that
are essential in design quantification. To ascertain that the design

prerequisites are complied with, factors are incorporated to impart
a safety margin, thereby ensuring that the equipment will function
safely and not induce any hazards. Design factors are implemented
in process design to render some tolerances in the design. For
instance, the process stream average flows enumerated from mate-
rial balance equations are intensified by 10% customarily to impart
design versatility in the process operation. This factor will establish
maximal flows for instrumentation, equipment, and piping
design.102

HAZOP serves as one of the most stringent methodologies
for recognizing hazards in chemical industries. This approach rig-
orously scrutinizes all the devices progressively, along with the
deflexions from standard operating conditions, and examines the
failures that are likely to occur. A typical HAZOP report compre-
hends all the deflections, their sources, ramifications in equipment
performance, assessment of such repercussions, executed protec-
tion (passive or active), and substantial implications. In recent dec-
ades, extensive research has been committed to smart systems for
automatizing HAZOP analysis through computer-generated
codes. While performing HAZOP analysis of chemical reactors,
pertinent deflections from standard operating parameters are gen-
erated. The fundamental objective is to analyze the causes for such
deflections and deduct their implications on the performance of
the reactor. Through a befitting mathematical model, the magni-
tude of deviations can be facilely encompassed, and the potential
repercussions are explored.112

a. Special process hazards. The standard process hazards are fac-
tors rendering a prominent role in establishing the magnitude of loss
ensuing an incident as enlisted below:

(i) Endothermic chemical reactions: A penalty of 0.2 is
employed for the chemical reactors, which is further inten-
sified to 0.4 if the reactor is subjected to heating by means
of fuel combustion.

(ii) Exothermic chemical reactions: The penalty digresses from
0.3 for mild exotherms to 1.2 for extremely sensitive
exotherms.

TABLE IV. Design specifications of some FiBRs used in biochar production.

Reactor dimensions

Biochar
feedstock

Reactor type
and MOC

Length (l)/
height (H)

(m)
Inner

diameter (m)
Bed height

(m)

Air flow rate
(kg m–2 h�1)/
Inflow rate
(ml h�1)

Heating rate
(�C min�1)

Operating
temperature

(�C)
Thermocouple

type used Reference

SS Cylindrical
quartz glass

FiBR

L: 0.45 0.06 � � � � � � 10 250, 350, 350,
500, 550, 600,

700

K-type 108

SS Up-flow
Polypropyle-
ne column

FiBR

H: 0.10 0.015 0.01, 0.02,
0.03

IFR: 72, 144,
216

� � � 400–800 � � � 109

SS Cylindrical
SUS310 stain-
less steel FiBR

H: 0.70 0.30 0.30 AFR: 74.5 –
596

10 530 K-type (10 no.) 105
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(iii) Accessibility of emergency devices: Regions not possessing
admissible access are subjected to penalization. Minimum
prerequisites include access from both sides.

(iv) Materials handling and transportation: This penalty con-
templates the risks associated with material handling, trans-
portation, and repositioning.

(v) Drainage and spillage regulation: This penalization is asso-
ciated with the design parameters engendering massive
spills of incendiary substances conterminous to the process
equipment, like incompetent drainage design.102

b. Basic precautionary measures. The fundamental safety mea-
sures to be comprehended in chemical process design as proposed by
the Dow Chemical Company are enlisted below:

(i) Use of pressure-relief valves.
(ii) Appropriate structural design of piping, vessels, and

steelwork.
(iii) Fail-safe instrumentation
(iv) Safeguarding fired devices (furnaces) against fortuitous out-

bursts and fire.
(v) Earthing of electrical devices.
(vi) Conformity with national standards and codes.
(vii) Appropriate and impregnable water supplies for fire

management.102

D. Modification techniques of sludge-based biochar

Unmodified biochars yield lower adsorption capacity toward an
extensive array of contaminants, and they are afflicted by inadequate
active functional moieties, diminished surface area, and pore charac-
teristics. Biochars subjected to modification demonstrated a higher
density of functional moieties and surface area, efficacious physico-
chemical steadiness, ameliorated porousness, and were propitious
toward usage and environmental remediation.15 The major biochar
activation pathways, including physical (steam and CO2 activation)
and chemical modification techniques (metal/metal oxides impregna-
tion, acid-alkali modification, modification using oxidizing agents,
nanomaterials, and nonmetallic heteroatom doping), are presented in
this subsection.18

1. Physical modification

Physical modification strategies involve carbonizing precursors at
higher temperatures (less than 800 �C), ensued by activation through
carbon dioxide (CO2) or steam. CO2 activation entails the interaction
of carbonaceous components of biochar with CO2 gas leading to the
generation of a microporous biochar framework and carbon monox-
ide (CO) gas. Steam activation encompasses the reaction of carbona-
ceous biochar with steam to engender evanescent substances, fixed C
transformation to CO2 and CO, and eradicating the confined substan-
ces. This activation technique aims to enhance the biochar pore vol-
ume, surface area, and morphology by curtailing its polarity and
aromaticity.18

2. Chemical modification

Chemical modification strategies are the most sought-after acti-
vation techniques for biochar. It can be performed as a single activa-
tion (during) or a two-step activation technique (post) carbonizing the

pristine biomass feedstock employing chemical agents like oxidizing
and reducing agents, alkali or acid modifiers, or impregnation with
metal oxides or metallic salts.18

(i) Metal or metal oxides impregnation:
Chemical modification via metal oxide or metal impregna-
tion could be achieved by the following methodologies:
(1) Thermochemical transformation of biomass to biochar

followed by soaking the synthesized biochar in metal
oxide or metallic salts under specific circumstances.

(2) Pyrolysis of the admixture of biomass feedstock and
metal oxides or metal-based salts to obtain biochar.114

The predominately negatively charged ion exchange
functionalities on the biochar surface are diminished
during intense heat treatment during pyrolysis. Toxic
metal ions present in sewage sludges, primarily existing
as cations, restrain the adsorption capacity of bio-
char.115 To augment biochar’s adsorption capacity,
researchers are modifying biochar by incorporating
metal ions within it, possessing a significant amount of
binding sites. Modifying sludge-based biochar via metal
impregnation enhances the catalyzing activity of bio-
char. For instance, the concomitance of metal oxides
possessing mixed valences could facilitate the degrada-
tion of hydrogen peroxide (H2O2) for the subsequent
disintegration of organic moieties.116 Bao et al.117

reported SS-based biochar modified with different rare
earth elements and transition metals (Ti, Ce, Fe, Al, and
La) for enhanced catalytic activity toward the degrada-
tion of H2O2 for the substantial degradation of tetracy-
cline. The degradation efficiency of tetracycline
subjected to catalysis via metal ion-impregnated bio-
chars were 58% (Ti-modified biochar), 69% (Ce-modi-
fied biochar), 90.7% (Fe-modified biochar), 58% (Al-
modified biochar), and 59.9% (La-modified biochar).
Fe-modified biochar exhibited excellent catalytic activ-
ity within the H2O2 system, and the degeneration effi-
cacy of tetracycline reached 90.7% compared to 39% for
pristine biochar, implying that Fe-modified biochar
apprehended superior catalytic performance along with
lowered reaction time.117 In another study, hydrother-
mally synthesized iron-loaded SS-based biochar was
employed to adsorb and co-adsorb doxycycline and tet-
racycline antibiotics selectively. The as-prepared bio-
char displayed adsorption capacities of 81.21 and 89.5
mg g�1 for doxycycline toward binary (B-) and unary
(U-) systems, respectively, almost 1.6 times greater than
the unmodified biochar. Contrarily, the biochar exhib-
ited an adsorption capacity of 30.79 and 70.63 mg g�1

for tetracycline toward B- and U- systems, respectively,
compared to 23.29 and 46.21 mg g�1 for pristine bio-
char. The substantial enhancement in biochar adsorp-
tion capacity toward antibiotics could be ascribed to
abundant oxygen-possessing functional moieties,
greater specific surface area, and reduced particle size
compared to pristine biochar.118

(iv) Acid–alkali modification:
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Acid modification eliminates metallic salt impurities and
instills acidic functional moieties on the biochar surface.
Acids commonly used for this purpose include oxalic acid,
sulfuric acid, citric acid, nitric acid, hydrochloric acid, phos-
phoric acid, etc.113 Contrarily, alkali modification enhances
the biochar surface area, pore volume, and functional moie-
ties possessing oxygen via alkalizing substances, such as
sodium hydroxide and potassium hydroxide.119 Sewage
sludge-derived biochar generally comprises large amounts
of silicon that could be eliminated through viscous hot alka-
line solutions. Technically, the eradicated substances
resulted in enhanced surface functionalities and porousness
engendering improved adsorption capacities. The consoli-
dated acid-alkali modification technique is a contemporary
approach to intensify the adsorption characteristics
efficaciously.120

(v) Modification via oxidizing agents:
Employing oxidizing agents as modifiers in pristine biochar
augments the amount of functional moieties possessing
oxygen on the biochar surface. H2O2 modification could
also amplify the proportion of oxygen-based functionalities,
particularly the carboxyl moieties leading to improved
adsorption capacities of contaminants.121 For instance, Sun
et al.122 reported the existence of abundant carbon–oxygen
functional moieties on the biochar surface subjected to the
air-roasting oxidation process in contrast with the pristine
biochar demonstrating an enhanced adsorption capacity of
490.2 mg g�1 (pH: 6, T: 25 �C) with 96% removal efficacy of
U (VI) ions even at lower uranium concentrations.122

(vi) Modification using nanomaterials:
Modifying pristine biochars with nanostructured compo-
nents, such as manganese oxide, iron oxide, zinc sulfide,
zinc oxide, graphene, and carbon nanotubes, augments the
adsorption efficacy of biochars toward toxic metals. Zuo
et al.123 reported calcite nanoparticle (NP) modified SS-
derived biochar for ameliorated adsorption of Cd (II)
(adsorption capacity: 36.5 mg/g), almost three folds greater
than that of unmodified biochar attributable to precipitation
and ion-exchange mechanisms between calcite NPs, bio-
char, and toxic metal in the former.123

(vii) Modification via nonmetallic heteroatom doping:
Nonmetallic heteroatom doping employing nitrogen, fluo-
rine, sulfur, boron, phosphorus, etc., atoms as dopants
serves as another customary approach to augment the cata-
lytic efficacy of biochar. Heteroatom doping leads to the
generation of surface defects within the carbon matrix,
which is contemplated as an efficient strategy for ameliorat-
ing the transportation of electrons, across the interface
existing within carbonaceous substances. In this approach,
the surface characteristics of carbon can be regulated by
destroying preliminary equilibrium and instigated polariza-
tion.124 Furthermore, this methodology entails the alter-
ation of surface and volume characteristics of carbon, in
order to transform various chemical and physical character-
istics including surface chemistry, magnetism, heat stability,
and surface properties of carbon, thereby imparting carbo-
naceous substances versatile functions for environmental

technology, and catalysis.125 Among different nonmetallic
heteroatoms, nitrogen has acquired considerable emphasis.
Nitrogen atoms can facilely penetrate the framework of a
graphene sheet, for it exhibits a size equivalent to that of
carbon atoms. Additionally, the electronegativity of carbon
is lower than that of nitrogen, subsequently, the carbon
atom positioned alongside nitrogen might function as the
Lewis base site.126 The electronegativity difference can also
expedite the development of defects and promote the elec-
tron transportation capability, which might be favorable for
the catalytic ability of carbonous substances.127,128 Wang
et al.129 fabricated nitrogen-doped sewage sludge biochar
(N-SSBC) and utilized it for activating peroxymonosulfate
for the subsequent disintegration of sulfamethoxazole, con-
templating the influence of calcination temperature on
the degeneration mechanism. The as-prepared biochar
(N-SSBC), demonstrated enhanced catalytic activities in
contrast with the sewage sludge-based biochar (SSBC), sig-
nifying that nitrogen doping ameliorated the catalytic effi-
cacy of SSBC. Moreover, N-SSBC fabricated at 800 �C,
manifested increased catalytic activity toward PMS in con-
trast with the nitrogen doped-biochar synthesized at other
temperatures.129 Besides nitrogen heteroatom, boron het-
eroatom can also be doped in biochar to enhance its cata-
lytic efficacy. A negligible proportion of boron doping
demonstrated a considerable influence on the elemental
constitution and active sites of sludge-derived biochar,
bringing about an advancement in the electro-Fenton activ-
ity for the eviction of sulfamerazine possessing removal
rates of around 95.12% within 3 hours.130 The physico-
chemical characteristics of nitrogen-doped biochar can be
customized by co-doping with other foreign atoms within
the carbon matrix. This methodology is capable of enhanc-
ing the reactivity of nitrogen-doped biochar by establishing
synergetic bonding conformations.131 Liu et al.132 prepared
sewage sludge-derived biochar doped with sulfur and nitro-
gen heteroatoms employing the HTC and chemical activa-
tion methodologies. The as-prepared adsorbent displayed
unparalleled properties encompassing the existence of a
considerable amount of mesopores, an enormously higher
degree of graphitization, and heteroatomic doping.
Maximal adsorption capacities of 440.53 mg g�1 were
reported for acid orange 7 dye at 25 �C, ascribable to p–p
stacking interactions and electrostatic attractive forces
between the adsorbent and adsorbate, along with unsur-
passed porosity.132

E. Characterization and physicochemical properties
of biochar

1. Characterization of sludge-derived biochar

An extensive array of morphological, structural, and chemical
characteristics is known to substantially influence the eventual utiliza-
tion of sludge-based biochars. Hence, the comprehensive characteriza-
tion of biochar prior to its application is imperative, employing
profound analytical techniques like Brunauer–Emmett–Teller (BET)
analysis, Fourier transform Infrared spectroscopy (FTIR), X-ray
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photoelectron spectroscopy (XPS), X-ray diffraction (XRD), Scanning
electron microscopy (SEM) coupled with X-ray energy dispersive
spectrometer (EDS), ultimate and proximate analysis, etc.133 The
desired properties of sludge-based biochar for application in the efflu-
ent treatment domain are related to enhanced polarity and surface
functionalities, greater specific surface area, presence of distinct miner-
als like magnesium, iron, and calcium, and a formulated porous
framework prevailed by microporous structures.134

In conjunction with EDS, SEM is used to analyze the distribution
of mesoporous and microporous components, morphological struc-
tures, and elemental constitution of biochar.135

As illustrated, pure hydroxyapatite (HAP) was observed as an
uneven, slack, and poriferous nanoparticle [Fig. 5(a)], while SS-
derived biochar was noticed in the form of a heap of granular flakes
[Fig. 5(b)] SEM analysis of HAP-modified SS-based biochar revealed
the presence of a well-dispersed composite structure consolidating the
granular flakes of SS-derived biochar and non-uniform hydroxyapatite
nanoparticle [Fig. 5(c)]. EDS analysis substantiated the loading of
HAP onto the SS-based biochar exhibiting higher capacity of P, O,
and Ca [Fig. 5(d)]. Enhanced adsorption capacities toward Cd2þ and
Cu2þ were ascribed to the uniform loading and good dispersion of
HAP nanoparticles in the SS-based biochar adsorbent.136

XPS is conducted to analyze the elemental valence states and sur-
face chemical characteristics of biochar-based adsorbents prior to and
post-adsorption experiments. For instance, Liu et al.135 denounced
prominent peaks of chromium post-adsorption reaction, indicating
that chromium could be effectually bonded on the magnetic biochar
surface [Fig. 5(e)]. Figure 5(f) depicts chromium adsorption on the
biochar surface at two characteristic valence states, notably at 576 and
585 eV for Cr (III) and at 577 and 587 eV for Cr (VI), respectively.
Figures 5(g) and 5(h) illustrate a diminishment in the number of
major peaks from 5 to 4. This peak elimination is attributable to Fe3O4

facilitating the reduction of Cr ions in theþ6 oxidation state.135

FTIR spectroscopic studies ascertain the characterization of dif-
ferent functional moieties on the biochar-based adsorbent surface.
FTIR spectrum of magnetic biochar (attained via the co-pyrolysis of
SS and Fe0) revealed pristine peaks of higher intensity at wavenumbers
of about 2400 cm�1 post-adsorption attributable to the generation of
hydroxyl functionalities on the biochar surface. Additionally, it was
ascertained that post adsorption, the intensities of several peaks corre-
sponding to 500, 800, 1050, 1400, 1650, 3100, and 3400 cm�1 wave-
numbers were substantially lowered, signifying the involvement of
Fe–O vibrations, –C–H– deformations, C¼O stretching, CH2/CH3

functionalities, N–H groups, C–O–C stretching, and O–H stretching
in the reduction process of Cr (VI) ions.135

BET analysis helps to evaluate the specific surface area (SSA) of
biochar-based adsorbents. Agrafioti et al.82 denounced enhanced BET
surface area values for SS-derived biochar ascribable to augmentation
of pyrolysis temperature. Biochar chemically modified with K2CO3 at
ratios of 0.5 exhibited four times greater surface area at a pyrolysis
temperature of 500 �C (SSA of K2CO3 modified biochar at 500 �C,
8.99� 104 m2 kg�1) in contrast with that at 300 �C (SSA of K2CO3

modified biochar at 300 �C ; 1.8� 104 m2 kg�1) while the SSA of pris-
tine biochar was increased to 1.39� 104 m2 kg�1 with an enhance-
ment in the pyrolysis temperature from 300 to 500 �C :82

XRD analysis provides information about the composition and crys-
talline components present in the biochar-based adsorbent. Major

diffraction peaks before and after adsorption studies were noticed in the
proximity of 2h¼ 26.4 � ascribable to quartz in magnetic biochars.
Quartz served as the predominant crystalline component in biochar pre
and post-adsorption. Post-adsorption peaks at 2h¼ 51 � attributable to
Fe0 or Fe3O4 were observed, indicating that Fe0 or Fe3O4 conceivably
functioned as the electron donor for the reduction reactions associated
with Cr (VI). New peaks corresponding to 2h¼ 31.1 � were noticed from
the XRD spectra imputable to the chemisorption of chromium ions.135

2. Physical and chemical characteristics
of sludge-based biochar

Multifarious operational parameters associated with the synthesis
of biochar possess diverse reaction mechanisms, chemistry, and phys-
ics, often resulting in end products with variegated physicochemical
characteristics. The distinct features of the obtained end products are
significant for multifarious applications, including effluent treatment,
soil amelioration, energy conservation, catalysts for obtaining specific
chemical conversions, precursor materials for catalysts, etc.137 The pre-
dominant physical (surface area, porosity, pore volume, hydrophobic-
ity, water retention) and chemical characteristics (ash content, pH,
elemental composition, cation exchange capacity) of sludge-derived
biochar are described in this subsection.

a. Physical characteristics.

(i) Surface area:
Biochar surface area is enumerated using the BET method,
contingent on the nitrogen adsorption statistics employing
gas adsorption analyzers.82 Greater surface area values inex-
tricably linked to several additional characteristics like the
cation exchange capacity is a fundamental requisite for vari-
ous biochar applications. Biochar synthesized through the
conventional pyrolysis technique is characterized by higher
surface areas, while the residuals obtained through the HTC
process possess lower surface area values.138 Biochar surface
area is augmented with higher pyrolysis temperature ascrib-
able to the chemical compositional transformations associ-
ated with preliminary feedstock during pyrolysis. Enhanced
pyrolysis temperature enhances the aromaticity of biochar
and, consequently, the production of mesoporous and micro-
porous structures accompanying greater biochar surface
areas. For instance, Zhang et al.81 reported an amplification
in freshwater sludge-derived hydrochar and biochar surface
areas from 15.69� 104 to 28.58� 104 and 9.65� 104 to
10.5� 104 m2 kg�1 at 140–180 and 300–500 �C, respectively.
However, a minor reduction in biochar surface area was
ascertained at a pyrolysis temperature of 700 �C, while the
hydrochar surface area was lowered to 19.76� 104 m2 kg�1

at 200 �C. This could be ascribed to the elimination of
organic matter within the biochar surface and pores eventu-
ating in greater surface area values and hydrochar pore wall
deterioration subjected to greater pressures in the HTC
process.81

(ii) Porosity and pore volume:
Biochar porosity comprising zones of particulate matter
devoid of solids is deduced from three predominant sources,
namely, micropores (pore diameter: 0.1–50 nm), mesopores
(pore diameter: 2–50 nm), and macropores (pore diameter:
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FIG. 5. Morphological characterization of (a) hydroxyapatite, (b) sewage sludge-based biochar, (c) hydroxyapatite modified sewage sludge-based biochar (H-SSB) using
SEM, and (d) EDS spectrum of (H-SSB). Reprinted with permission from Chen et al., Bioresour. Technol. 321, 124413 (2021). Copyright 2020 Elsevier.136 (e)–(h) XPS
spectrum of magnetic biochar prior to and post-adsorption studies. Reprinted with permission from Liu et al., J. Cleaner Prod. 257, 120562 (2020). Copyright 2020
Elsevier.135
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50–106 nm).18,139 Microporous components originating
from gas vesicles generated during pyrolysis are substantial
for greater adsorption capacities to retain organic contami-
nants, toxic metal ions, nutrients, and gases, while macro-
pores emerge from the vascular framework of the biomass
employed.18 Biochar porosity is assessed using nitrogen
adsorption-desorption isotherms employing automatized
surface area analyzers. The specimens are subjected to
degassing for a specific duration prior to testing, followed
by transference to the analysis station for nitrogen filling at
�196.15 �C:140 Micropore statistics and pore size distribu-
tion of biochar are customarily analyzed using the t-plot
and Barrett–Joyner–Halenda (BJH) methods, respec-
tively.141 M�endez et al.142 reported an enhancement in
microporosity with intensified pyrolysis temperature from
400–600 �C accompanied by a diminishment of micropo-
rous volume for sewage sludge-derived biochar.142 The total
pore volume of freshwater sludge-derived biochar followed
a rising trend from 0.31–0.36 cm3 g�1 from 300 up to
500 �C, with a subsequent reduction in pore volume.81

(iii) Hydrophobicity:
Surfaces with static water contact angle (WCA) values
< 90� having an affinity toward water are said to be hydro-
philic, while the ones with WCA > 90� repelling water are
referred to as hydrophobic substances.143 Hydrophilic sub-
stances are characterized by polarity and are held together
by intense hydrogen bonding interaction with water mole-
cules. In contrast, hydrophobic substances are apolar and
demonstrate weaker interactions with water molecules and
more robust interactions with apolar liquids.144 Biochar
pyrolyzed at higher temperatures manifests an exceptionally
hydrophobic structure inclusive of methodical carbon layers
ascribable to the depletion of oxygenated functionalities and
water content, engendering the as-prepared biochar to pos-
sess lesser hydrogen and oxygen-based functional moieties.
Subsequently, the surface functionalities can function as
electron acceptors or donors, causing the production of
suitable domains with properties spanning from hydrophilic
to hydrophobic and acidic to alkaline.18 Owing to the pyrol-
ysis processing parameters, various functionalities like
–CH2, –CH3, O–H, CO¼, and CC¼ present in biochar
could be modified, fostering hydrophobic interactions in
biochar.145 Hydrophobic biochars promote the sorption of
insolvable adsorbates, while hydrophilic biochars exhibit
lower efficaciousness imputable to water adsorption; the
existence of oxygen-based functionalities on the surface of
hydrophilic biochars permits water permeation through
hydrogen bonding, contributing to competitivity for the
accessible biochar sites between the adsorbate and water
molecules.146

(iv) Water retention:
The principal process during pyrolysis that regulates the
hydrological characteristics of biochar includes enhance-
ment in porosity that modifies its water adsorption capacity.
The water retention capacity of biochar, i.e., its capability to
withhold water, is inextricably associated with the porosity
and interconnectedness within the porous framework.147

Biochars synthesized at elevated temperatures are known to
retain a significant amount of water within the pores.148

Although biochars prepared at lower temperatures possess a
porous framework, they may not be facilely approachable
owing to lower pore size, interconnectedness within pores,
and the residual tar constituents blocking the pores.149

b. Chemical characteristics.

(i) Ash content:
Determining the ash content of biochars is essential as the
kind and quantity of inorganic matter produced help in
ascertaining the plausible end-use application. Ash content
of sludge-derived biochars is computed using the ASTM
D3176 standard by combusting the desiccated specimens at
specified durations and temperatures and evaluating the
residuals present post-heat treatment. The ash contents of
hydrochars and biochars are inversely and directly related
to the processing temperatures.150 The reduced ash content
of hydrochars with processing temperatures is accredited to
ameliorated demineralization of mineral components in the
super and sub-critical water regions.151 Sewage sludge-based
biochars exhibited higher ash content values spanning from
64.1%–79.1%, in contrast with the feedstock matter (ash con-
tent of SS: 55.8%–61.3%) at enhanced pyrolytic temperatures.
This is inextricably linked to the nonvolatile mineral content
constituting ash and the elimination of inflammable organic
degradation products.84 The ash content of freshwater sludge
was around 38.6% and that of the synthesized hydrochars and
biochars followed an ascending trend with an increment in the
thermochemical transformation processing temperatures. The
restrained minerals and detriment of volatile constituents could
account for a greater ash content (> 51%).81

(ii) pH value:
Biochar pH is a significant characteristic to be considered
for environmental remediation applications. The character-
istics of biochars synthesized through the HTC process and
pyrolysis vary substantially. Hydrochars synthesized
through the HTC technique encompass the generation of
organic acids engendering them to be acidic.138 Various
functional moieties in biochar, such as the formyl, hydroxyl,
or carboxyl groups dissociated during the pyrolysis process,
are principally acidic, and the residual solid becomes more
alkaline as other functionalities are liberated. Enhanced pH
values are explicitly associated with intensifying degree of
carbonization.138,152 The pH of the freshwater sludge was
neutral at 6.57. Contrarily, the pH of the synthesized bio-
char was augmented from 4.91 to 7.78 with enhanced bio-
char temperatures from 300 to 700 �C; while hydrochar
exhibited acidic pH values spanning from 4.32 to 4.50, and
an inconsiderable diminishment in pH values was noticed
at elevated HTC processing temperatures. The rise in pH
values of biochar was elucidated by ash amelioration and
condensation/polymerization reactions associated with the
elimination of hydroxyl and carboxyl functional moieties
occurring during pyrolysis.81

(iii) Elemental composition:
Biochar synthesis is often associated with modifications in
its chemical constitution leading to an enhancement in
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carbon content in comparison with the unprocessed bio-
mass feedstock. This could be accredited to the dissociation
of oxygen and hydrogen-based functionalities. The predom-
inant elemental compositions of biochars include hydrogen
(H), carbon (C), and oxygen (O), with minor quantities of
phosphorous (P), silicon (Si), iron (Fe), sulfur (S), and
nitrogen (N) with amounts lesser than that in hydrochars
that are ascribable to the dissolution and the flushing out of
inorganic components with subcritical water. The overall
elemental composition of sewage sludge-derived biochars
comprised 3.5%–5.7%, 3.8%–5.1%, 4.4%–14.8%, and
21.6%–26.2% of N, H, O, and C, respectively. A substantial
diminishment in the O, H, and N proportions was ascer-
tained in the biochars post pyrolysis against the primary
sewage sludge.84

(iv) Cation exchange capacity:
Cation exchange capacity refers to the quantity of exchange-
able cations like Mg2þ, NH4

þ, Naþ, Kþ, and Ca2þ that the
substance can retain.153 It is the consequence of negative
surface charges enticing cationic entities and is often uti-
lized to expound soil fertility (since all the nutrients utilized
by microorganisms and plants are absorbed in the form of
ionic matter).154 The cation exchange capacity is explicitly
contingent upon various parameters, including surface mor-
phology, functional moieties imparting the necessary sur-
face area, and charges rendering the surface charges
accessible.155 The estimation of cation exchange capacity is
unequivocally reliant on the pH values at which the solu-
tions are prepared employing various solvents.156 The cat-
ion exchange capacity values are augmented with an
enhancement in pH values.153 Moreover, biochars synthe-
sized at lower pyrolysis temperatures in which the surface
area was substantially ameliorated and adequate functional
moieties were present, exhibited superior cation exchange
values.157

F. Factors influencing the properties of sludge-derived
biochars

Processing conditions involved in the thermochemical transfor-
mation of sludges are known to substantially impact the characteristics
of the synthesized biochar. Some preeminent parameters encompass-
ing temperature, residence time, feedstock type, and heating rate,
influencing biochar characteristics are delineated here.

(i) Temperature:
Pyrolysis process temperature affects the structural frame-
work and various physicochemical characteristics of bio-
char, such as surface area, pore structure, elemental
constituents, and functional moieties.158 Biochar obtained
through fast pyrolysis (pyrolysis temperature > 500 �C)
comprises a conjugated aromatic framework. At elevated
temperatures, the hydrophobicity of biochars is enhanced
due to the elimination of surface functional moieties. The
microporous network of biochars and their surface areas are
intensified with enhanced pyrolysis temperatures imputable
to the degasification of the biomass feedstock in the process.
Fast pyrolysis is characterized by a lower degree of

carbonization, signifying a lesser amount of fixed carbon
matter. Consequently, the biochar yield in the case of fast
pyrolysis is comparatively lower, spanning from around
10%–20%, while the biochar yield ranges from 30%–60% in
the slow pyrolysis technique.18 The oxygen–carbon and
hydrogen–carbon molar proportions of sewage sludge-
based biochar substantially diminished with enhanced
pyrolysis temperature resulting in increased aromatic con-
densation and carbonization reactions.159

Chen et al.160 analyzed the impact of pyrolysis temperatures
on the properties and adsorptive characteristics of munici-
pal sludge-based biochar. With an enhancement in pyrolysis
temperature from 500 to 900 �C, the microstructure devel-
opment and ash content were expedited, while the biochar
yield was reduced. The as-prepared biochar demonstrated
favorable thermal stability, and the leaching toxicity of bio-
char was maintained within secure limits. 900 �C was con-
sidered the optimum pyrolysis temperature for energy
recovery and toxic metal ion adsorption.160

(ii) Residence time:
Amplifying the biochar residence time at higher pyrolysis
temperatures can considerably influence the biochar pH
and yield, whereas extending the residence time at depreci-
ated pyrolysis temperatures resulted in an abatement of the
biochar yield and considerable augmentation in its iodine
adsorption number and pH.161

(iii) Heating rate:
Heating rate values significantly influence the biochar yield,
with lower heating rates being beneficial. Lower heating
rates can induce a considerable duration for the domineer-
ing impact of pyrolysis temperature on biochar stability at
elevated temperatures.162 Furthermore, lower heating rates
can enhance the aromaticity and retain the structural intri-
cacy of biochars, while greater heating rates produce enor-
mous amounts of liquid portions decreasing the biochar
yield as a consequence of hemi cellulosic and lignocellulosic
depolymerization of biomass, phase transformation, local
melting, and inflammation of cells.18 Insignificant ring clus-
ters were ascertained in biochars synthesized at greater
heating rates with some biomass feedstocks subsisting
unvaried.163 Heating rates spanning from 5 to 20 �C min�1

during the pyrolytic transformation process had no statisti-
cal impact on the stable volatile constituents, fixed carbon,
and O/C and C proportion.164 Taking into account both
biochar stability and yield, lower heating rates are preferable
even though it is a cumbersome process.

(iv) Feedstock type:
Biomass feedstock is a significant parameter regulating the
physicochemical properties of the as-prepared biochars,
eventually determining its end-use application.165 An exten-
sive array of waste biomass, including woody residue and
sludges, has been employed as the feedstock for different
thermochemical conversion methods. Among various types
of sludges, freshwater sludge being deduced from coagulat-
ing agents and originating from drinking water processing
plants is bestowed with lower amounts of noxious elements
owing to its pure water ingression (predominantly
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underground water, repositories, etc.), engendering it to be
a virtuous biomass feedstock for generating superior quality
biochars and hydrochars as against other types of sludges.81

(v) Carbonization atmosphere:
The carbonization process is carried out in oxygen/air-deficient
atmospheres or inert gas conditions. The inert gases
employed must be non-reactive and stable and should pos-
sess the capability of bringing about the decomposition of
the substance without oxidation.166 Moderate to consider-
able amounts of vapors are generated during the pyrolysis
of sludge-based biomass feedstock and these vapors if not
purged, will entail themselves in secondary reactions capa-
ble of altering the constitution and nature of the pyrolysis
by-products. Argon, carbon dioxide helium, nitrogen,
ammonia, and water vapors can be utilized as the carrier
gas for pyrolysis, but nitrogen is the most prevalent carrier
gas for purging vapors generated during the thermochemi-
cal transformation process ascribable to its convenient
accessibility, inertness, and cost-efficiency in contrast with
the other inert gases.167 Besides the customarily employed
argon and nitrogen carrier gases, incipient injected gases are
capable of altering the physicochemical characteristics of
sludge-based biochar. For instance, carbon dioxide is known
to intensify the defective framework of biochar,168 while the
utilization of ammonia serves as an effectual methodology
for doping nitrogen on biochar surface.169

Aktar et al.86 examined the effect of various carrier gases on the
yield, physicochemical, and structural characteristics of biochar.
Biochar synthesized in a nitrogen atmosphere possessed greater alka-
linity and exhibited enhanced salinity, while the biochar prepared in a
carbon-dioxide environment displayed greater surface area. The FTIR
spectrum of biochar synthesized in an inert atmosphere of carbon
dioxide evinced a reduction in functional moieties including C¼C,
C¼O, –OH, and –CONH– with rising pyrolysis temperature.
Conversely, the band intensity for Si–O–C or Si–O–Si and hetero-
aromatic and aromatic frameworks were more substantial in biochar
produced in the carbon dioxide atmosphere compared to the nitrogen
atmosphere. Substituting an exorbitant inert gas (nitrogen) with car-
bon dioxide is intriguing ascribable to the abatement in operational
expenses and attainment of equivalent biochar yields with ameliorated
porosity and some analogous physicochemical characteristics.86 In
another study, Guo et al.170 assessed the impact of the atmosphere
(100% N2, 100% CO2, or 10% CO2/90% N2) on the pyrolysis of
municipal sludge in a horizontal tube furnace. The carbon-dioxide
environment displayed a considerable influence on carbon content. At
lower pyrolysis temperatures (<600 �C), carbon dioxide functioned as
an inert gas, restraining deterioration of the carbonous framework,
while at greater temperatures (>600 �C), carbon dioxide operated as a
reactive gas, fostering the volatilization of carbonous matter. The total
pore volume and SBET of the as-prepared biochar were augmented
with an increment in the pyrolysis temperatures from 300 to 500 �C,
with the values apprehended for carbon dioxide surpassing that of
nitrogen. Furthermore, the employment of CO2 during the pyrolysis
technique could ameliorate the porous framework of biochar and
impart a keystone for utilization as an adsorbent in the future.170

The utilization of CO2 as the carrier gas along with a mixed feed-
stock for the pyrolysis process could reduce the toxicity of SS-derived

biochar. Co-pyrolysis of sewage sludge with willow extracts substan-
tially decreased the toxicity of SS based-biochar toward L. Sativum.
The amendment of carrier gas from nitrogen to carbon dioxide, irre-
spective of the biomass feedstock employed, in a majority of the
instances decreased the toxicity and positively impacted the test
organisms.171

IV. APPLICATION OF SLUDGE-DERIVED BIOCHAR
IN ENVIRONMENTAL REMEDIATION

Sludge-based biochar is extensively utilized in environmental
remediation as a soil ameliorating agent, serving propitious for crops
and mitigating climatic fluctuations, promoting carbon sequestration,
and facilitating renewable energy production. Biochar is bestowed
with greater specific surface area, tunable porosity, and functionalities,
active functional sorption sites like –OH, –COOH-, –C¼C–, –C–C–,
aromatic carbon frameworks, and mineral crystalline phases, effectuat-
ing them as multifaceted adsorbents for capturing a diverse array of
toxic metals ions, antibiotics, microplastics, dyes, microbial and
organic contaminants from wastewater and soil.19 The efficacy of bio-
char in adsorbing organic and inorganic pollutants is contingent on its
affinity for non-polar functional moieties, cation exchange capacity,
greater surface area to volume ratio, and intrinsic characteristics of
adsorbate, adsorbent, and ecological conditions.71 Biochars modified
with various elements or co-pyrolyzed with other biomass feedstock
matter exhibit enhanced adsorption performance.

This section focuses on drinking water, fecal, and raw sewage
sludge-derived adsorbents for evicting toxic metal ions, antibiotics,
microplastics, and the catalytic degeneration of organic pollutants
from wastewater, emphasizing the predominant adsorption mecha-
nisms involved and the adsorption kinetic models and isotherms cus-
tomarily employed. The adsorption of toxic gases, vermicomposting
approach, and soil amelioration employing sludge-based biochar are
also accentuated here.

A. Adsorption of various contaminants
from wastewater

Sludge-derived biochars have been substantiated to be efficacious
adsorbents for eliminating toxic metal ions, microplastics, and antibi-
otics along with the catalytic degradation of organic compounds which
is outlined below.

1. Toxic metal ions

Heavy metals categorized as a class of trace elements (metalloids
or metals) possessing atomic densities higher than 46 1 g/cc [e.g.,
Zinc (Zn), Lead (Pb), Silver (Ag), Cadmium (Cd), Iron (Fe), Astatine
(As), Nickel (Ni), Chromium (Cr), Aluminum (Al), Copper (Cu), etc.]
are usually regarded as pervasive noxious water and soil pollutants.
The primary sources of heavy metal ions in effluent could be anthro-
pogenetic, like landfilling, manufacturing processes, agrarian activities,
metal plating, ore processing, etc. or natural, like soil-run off, the disin-
tegration of minerals and rocks, volcano eruption, etc. Owing to the
durability, greater expatriation, and solubility of toxic metal ions in
water, unprocessed wastewater comprising metallic pollutants leads to
diverse ecological and health consequences when discharged into
water streams. The toxic metal ions are thereby assimilated in the
plants, ingressing humans, and organisms via food cycles,
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detrimentally impacting their health and biological functioning.172

The maximum permissible level of contaminants in freshwater resour-
ces laid down by the US EPA, along with their pernicious impacts on
human health, is enumerated in Table V.

Toxic metal ions can be eliminated from wastewater174–185

through an extensive array of techniques like solvent extraction, ion
exchange, membrane filtration,186 chemical precipitation, coagulation,
flocculation, electrochemical removal, etc. Nevertheless, these methodol-
ogies pose some drawbacks associated with greater energy consumption,
lower efficacy, incomplete removal, expensive disposition, and suscepti-
ble operational parameters. The adsorption technique20,187–196 is usually
preferred over the aforestated wastewater treatment strategies owing to
its inherent advantages like cost-effectiveness, convenient operation, and
a considerable influence on toxicity, transfer, and bioavailability of metal
ions in the hydrous medium. Some prominent conditions impacting the
efficacy of adsorbents for eliminating toxic metals from effluent include
temperature, the dosage of adsorbent, contact time, initial adsorbate
concentration, stirring speed, and pH.172

Investigators are exploring the adsorption of a broad spectrum of
heavy metal ions from effluent, inclusive of Cu, As, Cd, Pb, Cr, Ni, and
Zn, through sludge-derived biochar.82,135,136,197–200 The predominant
adsorption mechanisms in unmodified biochar include chemisorption
through ion exchange, electrostatic attraction, surface complexation,
redox reactions, precipitation, inner sphere complexation, and physi-
sorption (based on the porous framework and specific surface area of
biochar) through plentiful functional moieties like –OH, –COOH, and
oxygen comprising groups existent on the biochar surface.
Multifarious mechanisms associated with the interaction of toxic metal
ions with biochar in the adsorption phenomenon201 are illustrated in
the supplementary material (Fig. S3).

The adsorptivity of heavy metals from water can be ameliorated
through various chemical and physical modification strategies exe-
cuted post or pre-pyrolysis of biochar for optimizing surface character-
istics. Physical modification of biochar involves steam activation or
CO2 activation, which enhances the biochar surface area, while chemi-
cal modification techniques typically include treating biochar with
bases, acids, organic substances, carbonaceous material, nanomaterials,
metals, and metal oxides.202

Zhang et al.197 analyzed the adsorption mechanisms of hydro-
char and biochar obtained through HTC and pyrolysis of DWS for
efficient removal of Pb prevalent in swine wastewater employing
microstructural analysis and batch adsorption studies. The utmost
adsorption capacities (Q0) for Pb spanned in the range of H180–200:
6mg g�1 < H140–160: 13mg g�1 < B300: 37mg g�1 < B500–700:
71mg g�1 signifying that Pb uptake through biochar was a

heterogeneous approach and fitted well with the Freundlich adsorp-
tion model while hydrochar exhibited monolayer adsorption delin-
eated by the Langmuir model. The predominant adsorption
mechanisms involved were electrostatic interaction and surface precip-
itation of lead hydroxide and lead carbonate.197 The influence of vari-
ous pyrolysis parameters, namely, residence time, chemical
impregnation of SS, and temperature, on the yield of biochar genera-
tion was analyzed by Agrafioti et al.82 Maximum biochar yield was
obtained when SS was subjected to a pyrolysis temperature of 300 �C
while SS modification using K2CO3 eventuated in enhanced surface
area, five times greater than the biochar specimen at 500 �C. The
unmodified biochar employed in batch kinetic experimental studies
was capable of adsorbing 30% and 70% of As (V) and Cr (III), respec-
tively, signifying that biochar adsorbent was highly efficacious in elimi-
nating cations compared to anions from water.82 Magnetic biochar
fabricated via the co-pyrolysis of SS and nano-zero-valent iron (Fe0)
for the withdrawal of Cr (VI) from synthetic wastewater was
denounced by Liu et al.135 The elimination of Cr (VI) [adsorption
capacity of Cr (VI): 11.56mg g�1] was greater than that of CrTotal
(adsorption capacity of CrTotal: 9.840mg g�1) at all reaction conditions
demonstrating a selective reduction of Cr (VI) to Cr (III) with subse-
quent removal by adsorption. The elimination of CrTotal and Cr (VI)
could be expounded through the Freundlich and Langmuir adsorption
isotherms, respectively, while favorable kinetic fitting data of the
pseudo-second order model indicated that the removal of Cr could be
ascribed to chemisorption. The rate-regulating steps associated with
Cr removal included liquid-film and intra-particle diffusion processes.
Characterization of biochar pre and post-adsorption studies indicated
that the electron donors favoring the reduction of Cr (VI) could be
Fe0, Fe2þ, or organic matter present in biochar.135

In a separate investigation, Chen et al.136 delineated SS-based bio-
char subjected to chemical modifications with hydroxyapatite (HAP)
for the efficacious eviction of Cd (II) and Cu (II) from water. The
adsorption capacities and removal efficacies (in percentage) of the tar-
geted metal ions were examined through the following equations:

Adsorption capacity:

qe ¼
V
M
� C0 � Ceð Þ: (13)

Removal efficiency (%):

R %ð Þ ¼ C0 � Ceð Þ
C0

� 100: (14)

Batch adsorption studies demonstrated greater adsorptivity for HAP-
modified SS [adsorptivity of Cd (II): 114.68 and Cu (II): 89.98mg g�1]

TABLE V. Maximum permissible limit of heavy metals in freshwater along with their detrimental impacts on human health.172,173

Toxic metal ion Adverse health effects Maximum permissible level of pollutant (mg l�1)

Lead Neurotoxic and cerebral effects, circulatory and renal diseases 0.006
Cadmium Renal, respiratory, and cardiovascular disorders 0.01
Astatine Visceral cancer, vascular, and skin disorders 0.05
Chromium Hyperkeratosis, diarrhea, mental retardation, and cancer 0.05
Nickel Lung fibrosis, dermatitis, and cardiovascular disorders 0.20
Zinc Anaemia, nausea, lethargy, abdominal pain, and neurological disorders 0.80
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in contrast with the raw sludge-derived biochar attributable to chemi-
sorption. Characterization studies through X-ray photoelectron spec-
troscopy (XPS), Fourier transform infrared spectroscopy (FTIR), and
X-ray diffraction (XRD) substantiated the predominant mechanisms
involved: ion-exchange with calcium cation, complexation with car-
boxylic acid and hydroxyl functional moieties, and the generation of
p-p binding sites between the targeted metallic pollutant and aromatic
alkene functionalities on the adsorbent surface.136 Table VI summa-
rizes various kinds of sludge-based biochar employed in the eviction of
toxic metal ions from wastewater, along with their processing parame-
ters, adsorption isotherms, and kinetic models.

a. Adsorption kinetics and isotherms.

(i) Adsorption kinetics models
Adsorption kinetics models render explicit data about the
reaction and diffusion rates while ascertaining the time
needed for the sorption process to attain equilibrium.
Greater reaction rates manifest rapid sorption of adsorbates.
Adsorption kinetics parameters deduced from batch experi-
ments are essential in prophesying the transmission of
adsorbates through perforated medium and fixed bed sorp-
tion efficiency. To acquire in-depth apprehension about the
manner of adsorption, fitting empirical information
obtained through batch kinetic studies into various kinetic
models is imperative, along with other methodologies
encompassing the analysis of adsorption isotherms, surface
properties characterization, and thermodynamics to expli-
cate the intrinsic adsorption mechanism (such as physisorp-
tion and covalent bonding).205 Some of the commonly used
mathematical models to examine the kinetic data derived
through batch adsorption experiments have been outlined
in Table VII.

(ii) Adsorption isotherm models
Adsorption isotherms are quantitative approaches
employed for the characterization of adsorbate equilibria
associated with solid and liquid phases at persistent atmo-
spheric temperatures. The data derived from adsorption iso-
therms is utilized for acquiring details pertaining to the
maximal adsorption capacity of sorbents, and sorption phe-
nomena, which is substantial in assessing the efficacy of
adsorbents while catering to optimizing adsorption mecha-
nisms and designing efficient and cost-effective treatment
strategies. Some of the extensively used adsorption isotherm
models for sludge-based biochar adsorbents characterized
and predicated on the number of adsorption model parame-
ters are summarized in Table VIII.

2. Catalytic degradation of organic compounds

The catalytic degeneration of organic contaminants engendered
by biochar has been denounced by several researchers appertaining to
various characteristics, including (i) the presence of ubisemiquinone
and graphitizing frameworks functioning as electron donors and
acceptors and (ii) persistent free radicals engendered in the process of
biochar synthesis with a lifespan ranging from several days to
months.213 Sludge-based biochar as catalytic materials exhibited very
promising catalytic activity toward an extensive array of organic

contaminants through various catalytic mechanisms, including percar-
bonate, peroxymonosulfate, hydrogen peroxide activation, and hetero-
geneous Fenton oxidation.

For instance, Hung et al.214 reported freshwater sludge-based bio-
char comprising ferromanganese prepared via single-stage pyrolysis to
facilitate the Fenton-like reaction for disinfecting phthalate ester
(PAEs) based organic pollutants. Maximal PAE degeneration of 90%
was observed within 12 h with 1.7 g/l of biochar (pyrolyzed at 900 �C)
at pH 6. The remarkably efficient PAE degeneration was accredited to
the synergistic interactions between MnOx and FeOx, intensifying the
catalytic activation of percarbonate functionalities through the transfer
of electrons, the inclusion of hydroxyl moieties, abstraction of hydro-
gen atoms via non-radical and radical oxidative pathway and the PAE
oxidation mechanism fitted well with the pseudo-first-order kinetics
model.214

In another investigation, Luo et al.213 synthesized biochar
through the pyrolytic transformation of SS for activating hydrogen
peroxide (H2O2) for subsequent degeneration of ciprofloxacin (CIP)
in aqueous solutions. Experimental analysis revealed that biochar sub-
jected to chemical modification with HNO3 demonstrated ameliorated
catalytic activity for the activation of H2O2 compared to unmodified
biochar. Catalytic oxidative reactions engendered by persistent free
radicals attributed to 70.19% and 61.69% of the unmodified and chem-
ically treated biochar, respectively, connoting the fundamental contri-
bution of PFRs associated with the decontamination of CIP. The
plausible mechanism significantly correlated with the catalytic activa-
tion of H2O2 by sludge-based biochar encompassing the following
stages is depicted in the supplementary material (Fig. S4):

(i) Biochar possesses enormous defects and is bestowed with
abundant oxygen comprising functional moieties.

(ii) The prominent reactive centers catering to the catalytic acti-
vation of H2O2 include C¼O, sp2 hybridized C¼C, pyri-
dinic, and pyridonic nitrogen.

(iii) Hydroxyl free radicals (�OHÞ are liberated during the trans-
mission of a single electron from the aforementioned prom-
inent reactive centers of PFRs present in biochar to
hydrogen peroxide.213

Huang et al.215 denounced the disintegration of
Trichloroethylene (TCE) employing the heterogeneous Fenton oxida-
tion process catalyzed by SS-based biochar. The maximal TCE
removal efficacy of 83% was ascertained at a pH of 3.1 through the cat-
alytically activated 300W biochar with the most negligible environ-
mental implications. SS subjected to microwave pyrolysis at 300 and
400W power levels, respectively, demonstrated ameliorated catalytic
activities in contrast with the biochar synthesized at 200Wmicrowave
power owing to the plausibly greater specific areas and iron content in
the former.215

The fabrication of SS-based carbon-supported MnOx catalytic
material via ammonium hydroxide activation and pyrolytic transfor-
mation to foster the degradation of peroxymonosulfate (PMS) and
consequent decomposition of Acid orange 7 (AO7) and Rhodamine B
dyes were denounced by Mian et al.216 Characterization studies
revealed the generation of Mn (manganese) oxides of different valen-
ces on the hybrid SS-derived catalyst, while NH4OH treatment aug-
mented the surface area, porousness, and nitrogen atoms. The
aforestated catalyst could activate PMS for the complete degradation
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TABLE VI. Different sludge-derived biochar adsorbents for capturing heavy metal ions encompassing process parameters, adsorption kinetics models, and adsorption.

Sludge type Modification

Biochar pro-
duction
method—
processing
parameters

Heavy metal
ion targeted
(adsorbate)

Adsorption
process

parameters

Adsorption
capacity (q)
(mg g�1)

Removal
efficiency

Adsorption
isotherm

Kinetics
model Reference

DWS � � � Pyrolysis: T:
300, 500, and
700 �C, t: 1 h,
HR: 10 �C

min�1HTC:T:
140, 160, 180,
and 200 �C, t: 4

h

Pb (II) C: 20.7, 41.4,
62.1, 103.5,
207, 414, 621,
1035mg l�1,
pH: 4–8

H180-200: 6,
H160: 13,

B300: 37, B500-
700: 71

� � � BC: Langmuir
– (R2: 0.8–0.9),
HC: Freundlich

– (R2:
0.86–0.98)

� � � 197

SS Pre-treatment
with K2CO3

and H3PO4

Pyrolysis:T:
300, 400, and

500 �C,
t: 30min, HR:
17 �C min�1

Cr (III), As (V) C: 0.05mg l�1

[As (V)],
0.2mg l�1 (Cr
(III), D: 4 g l�1

Cr (III): 70%,
As (V): 30%

� � � Pseudo second
order: R2: 0.99
[Cr (III)], 0.95

(As5þ)

83

SS Co-pyrolyzed
with Fe0

Co-pyrolysis:T:
500 �C, t: 1 h,
HR: 5 �C
min�1

Cr (VI), CrTotal C: 20–60mg
l�1, T¼

14.85–44.85 �C,
t¼ 24 h, pH:

2–6

Cr (VI): 11.56,
CrTotal: 9.40

� � � Cr (VI)
removal—
Langmuir,
CrTotal

removal—
Freundlich

Pseudo-second
order

(R2 > 0.999)

135

SS Co-precipita-
tion with HAP

Pyrolysis:
T¼ 500 �C, t: 2
h, HR: 5 �C

min�1

Cu (II), Cd (II) C: 100mg l�1,
D: 1 g l�1,
t¼ 24 h,

T¼ 25 �C, pH:
3–6 [Cu (II)],
3–8 [Cd (II)]

Cu (II): 89.98,
Cd (II): 114.68

� � � Langmuir Pseudo second
order: R2:
0.9997 [Cu
(II)], 0.9998
[Cd (II)]

136

FS Chemical mod-
ification with

KOH

HTC:T¼ 200 -
, t: 5 h

Cu (II) D: 0.25, 0.5, 1,
2 g l�1, C:
40mg l�1,

t¼ 1440min,
T¼ 27 �C, pH:

5

Cu (II): 18.6 Cu (II): 93% Freundlich (R2:
0.872),

Langmuir (R2:
0.958)

Pseudo second
order (R2:

0.9997), intra-
particle diffu-

sion (R2:
0.8225)

203

SS with phos-
phorous con-
tent varying
from 4–60mg
g�1

� � � Pyrolysis:
T¼ 700 �C,
t¼ 1 h

Cr (VI) C: 200mg l�1,
T: 256 1 �C,
t¼ 24 h, pH: 4

Cr (VI): 6.29
for P20

� � � Langmuir (R2:
0.9764–0.9972)
for P4-P60

Pseudo second
order (R2:
0.999-1) for
P4-P60

204
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of acid orange 7 dye within 40min in a broad pH range. In contrast,
the pristine SS-derived biochar displayed a removal efficacy of only
16%. Secondary (radical) as well as primary (non-radical) processes
regulated the activation mechanism of PMS, followed by the eventual
decomposition of AO7, while N-carbon and MnOx functioned as the
major sites and the carbonyl moieties and oxygen defects served as
the secondary reaction sites in the disintegration process. Owing to the
existence of surface functional moieties, PMS and AO7 molecules that
underwent ionization reactions could be embedded on the catalyst sur-
face for activation. The phases involved in the Mn3þ/Mn4þ and
Mn2þ/Mn3þ redox cycle of the MnOx component of the catalyst for
the generation of hydroxyl (.OH) and sulfate (SO4.-) free radicals are
depicted in the reactions given as follows:216-

Mn2þ þHSO�5 ! Mn3þ þ SO��4 þ OH�

Mn3þ þHSO�5 ! Mn4þ þ SO:�
4 þ OH�

Mn4þ þHSO�5 ! Mn3þ þ SO��5 þHþ

SO��4 þH2O ! �OHþ SO2�
4 þHþ

: (15)

In another study, SS-derived biochar doped with nitrogen was synthe-
sized via single-stage pyrolytic transformation and utilized for the cata-
lytic activation of PMS by Mian et al.217 The nitrogen content of the
as-prepared biochar was modified by incorporating varying
proportions of melamine with precursors. At the optimal dosage,
20mg/l Rhodamine B was eliminated by 99.4% within 20min employ-
ing 250 and 200mg/l of PMS and catalyst, respectively. Moreover,
absolute decoloration of a mixture of seven anionic and cationic dyes
was attained within 50min through 350 and 200mg/l of PMS and

catalyst, respectively, denoting the efficacy of the catalyst in processing
a mixture of organic contaminants. The predominant degradation
mechanisms involved in this study were non-radical processes effectu-
ated through the pyridine nitrogen-governed oxidative decomposition
of contaminants in lieu of the hydroxyl and sulfate free radical pro-
cesses influenced via surface metal oxides, graphitic nitrogen, and car-
bonyl functional moieties.217

Huang et al. reported sewage sludge-based biochar as an effica-
cious catalytic material activating peroxymonosulfate to disintegrate
Bisphenol-A (BPA) pollutants. An average pollutant removal rate of
3.21mol BPA�1mol oxidant�1 h was attained by peroxymonosulfate
across a diverse range of pH spanning from 4 to 10 at adsorbent dos-
age values of 0.2 g l�1. A superior mineralization efficacy of around
80% (total organic carbon elimination) was achieved within 30min.
Subsequent studies of catalytic degradation mechanisms revealed that
dioxidene catalytically generated by the ketonic framework within the
biochar served as the primary reactive species accountable for the dis-
integration of bisphenol-A.218 In another study, SS-derived biochar
modified with nano-Fe3O4 was utilized as a catalytic material to acti-
vate peroxymonosulfate for the subsequent degradation of
rhodamine-B from effluent. The as-prepared biochar catalyst (5S@Fe-
500: mass ratio of sludge and Fe(NO3)3�9H2O—5:1 and calcined at
500 �C) demonstrated exceptional permeance and catalytic activity in
the disintegration of rhodamine-B (50mg l�1 could be disintegrated
within 10min) ascribable to the porous structure, appropriate
iron content, and optimal dispersion of iron on the catalytic surface.219

Table IX designates sludge-based biochar utilized for the catalytic deg-
radation of various organic compounds comprising the catalysis
mechanism and processing parameters employed.

TABLE VII. Customarily employed adsorption kinetic models encompassing their significance and mathematical equations for fitting empirical data.135,136,206–208

Kinetic model Significance Equation

Pseudo-first order (PFO) PFO kinetic model, also referred to as the Lagergren model,
delineates adsorption rates in solid–liquid systems contingent
on the adsorption capacity obeying the first-order mechanism.

ln qe � qtð Þ ¼ lnqe � k1t

Pseudo-second order (PSO) PSO relies on the presumption that the solute adsorption is
proportionate to the accessible adsorbent sites, and the reaction
rate is contingent on the proportion of solute on the adsorbent
surface—the driving force for the reaction is proportional to

the number of available active adsorbent sites.

t
qt
¼ 1

k2q2e
þ t

qe

Elovich model The Elovich model formulated by Zeldowitsch is used to ascer-
tain the chemisorption manner of adsorption. It is used to com-
prehend the nature of adsorption and envisage deactivation–
activation energies and surface and mass diffusion of systems.

qt ¼ 1
b ln abð Þ þ 1

b lnt

Intra-particle diffusion (IPD) model The IPD model contemplated by investigating the Weber and
Morris model is extensively utilized to analyze the rate-limiting

phase of the adsorption process. The adsorption of solute
within a solution is associated with film diffusion (mass trans-
fer of adsorbate), accompanied by surface and pore diffusion

steps.

qt ¼ it1=2 þ C0

Liquid film diffusion model Boyd et al. first reported this adsorption kinetic model to ascer-
tain whether the practical rate-determining step occurs due to
pore diffusion or film diffusion. Adsorption is evaluated as a

regulated film diffusion mechanism.

ln 1� Qt=Qe

� �
¼ �kfdt
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TABLE VIII. Adsorption isotherm models (categorized based on the number of model parameters) representing their significance and mathematical expressions involved.209–212

Type of adsorption
isotherm Adsorption isotherm model Significance Equation

Two-parameter
model

Langmuir adsorption
isotherm

As per the Langmuir theory, the adsorption
phenomenon onto solid surfaces is predicated
on a kinetic principle that involves the unre-
mitting bombardment of molecules onto the
surface with the evaporation or desorption of
the correspondent molecules from the surface
with a zero-aggregation rate at the surface. It is
predicated on the presumption that single-

layer adsorption eventuates at distinct homoge-
neous adsorbent sites, with each molecular

entity possessing constant enthalpies and sorp-
tion activation energies. Once an adsorbed

molecular entity penetrates the site, no subse-
quent adsorption occurs, thereby attaining
equilibrium, and the saturated monolayer

curve can be explicated based on the Langmuir
model equation.

ce
qe
¼ ce

Q0
þ 1

b0Q0

Two-parameter
model

Freundlich adsorption
isotherm

The sorption process is characterized by multi-
layered adsorption on heterogeneous sites. In
this isotherm model, adsorption affinities and
heat need not be disseminated consonantly on
the heterogeneous surface. The exponential

distribution of functional sites and the energies
of the active sites, along with the surface het-
erogeneity, is described using the expression
for the Freundlich adsorption isotherm. It is
pertinent with systems possessing heteroge-

neous surfaces in the gaseous phase.

logqe ¼ logkF þ 1
n log ce

Two-parameter
model

Langmuir–Freundlich
adsorption isotherm

This adsorption isotherm model depicts the
dissemination of sorption energy upon hetero-
geneous sites of the absorbent. At lower adsor-
bate concentrations, this isotherm befits the
Freundlich model, while at elevated adsorbate
concentrations, it transposes to the Langmuir

model.

qe ¼ QLFMðkLFceÞMLF

1þðkLFceÞMLF

Two-parameter
model

Temkin model This adsorption isotherm primitively employed
for hydrogen adsorption onto platinum elec-
trode system in acidic medium, contemplated

as a chemisorption system, scrutinizes
adsorbate-adsorbent interaction neglecting
extraordinarily lower and higher concentra-

tions. The sorption heat associated with all the
layers undergoes a linear decrement with expo-
sure as a result of adsorbent-adsorbate interac-
tions. Additionally, it presupposes that the heat
depletion in adsorption is linear in lieu of loga-

rithmical as delineated by the Freundlich
isotherm.

qe ¼ RT
bT
lnAT þ RT

b lnce

Two-parameter
model

Brunauer–Emmett–Teller
(BET) model

BET model is a conceptual adsorption iso-
therm pertinent to gas-solid equilibrium sys-

tems. Multilayered sorption processes

qe ¼ qscBET ce
cs�ceð Þ 1þ cBET�1ð Þ ce =csð Þ½ 
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3. Microplastics

Microplastics, referred to as plastic-based debris with particle
sizes spanning lower than 5mm, have been discerned all around the
globe, encompassing marine, freshwater reserves, soil as well as the
Antarctic.220,221 Being copiously attainable, microplastics manifest a

greater proclivity for interconnecting with the environment, conse-
quently hindering the biota. They can conglomerate deleterious con-
taminants, including polychlorinated biphenyls, toxic metals, and
polycyclic aromatic hydrocarbons, from the environment functioning
as transport vectors, and can concomitantly percolate additives.222,223

Microplastics can penetrate the ecological system and terrestrial

TABLE VIII. (Continued.)

Type of adsorption
isotherm Adsorption isotherm model Significance Equation

possessing approximate pressure values span-
ning from 0.05–0.30 congruent with monolay-
ered coverage values of 0.5–1.50 were deduced
from this adsorption model. Typical applica-
tions of this isotherm include ascertaining the
surface area of the adsorbent appertaining to

nitrogen sorption data.
Two-parameter
model

Dubinin–Radushkevich
(D–R) isotherm model

D–R adsorption isotherm originated to
describe the impact of the poriferous frame-

work of adsorbents. It was utilized to enunciate
the sorption mechanism with Gaussian energy
distribution within heterogeneous surfaces. It
was predicated on the adsorption potential the-
ory and hypothesized that the sorption phe-
nomenon was associated with microporous
volume filling against the layer-by-layer

adsorption on porous walls.

qe ¼ qmaxeð�b0e2Þ

Three-parameter
model

Redlich Peterson model This is an experiential isotherm involving the
consolidation of Freundlich and Langmuir
adsorption isotherm models, and it does not
conform with the exemplary monolayer sorp-
tion. It is a multifaceted adsorption isotherm
model utilized in homogeneous or heteroge-
neous systems. The numerator of the mathe-
matical expression is from the Langmuir

model, and at infinite dilutions, the system can
approximate the Henry region.

qe ¼ kRce
1þaRcge

Three-parameter
model

Sips isotherm model It involves the association of Freundlich and
Langmuir adsorption isotherm models, pre-

sumed to overcome the shortcomings concom-
itant with greater concentrations of adsorbate
in the Freundlich model, and anticipates the
heterogeneity of sorption systems. It results in
generating a mathematical equation possessing
finite limits at greater concentrations. This iso-
therm effectively constrains adsorption, devoid
of any interactions among the adsorbates. This
isotherm model does not obey Henry’s law

owing to the reduction to the Freundlich model
at lower adsorbate concentrations.

Nevertheless, the single-layer adsorption prop-
erties signifying the Langmuir model can be

prognosticated at higher adsorbate
concentrations.

qe ¼ qmðksceÞm
ð1þðksceÞmÞ
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TABLE IX. Sludge-based biochar utilized for the catalytic degeneration of various organic compounds comprising the catalysis mechanism and processing parameters employed.

Sludge type Modification

Biochar produc-
tion method—
processing
parameters

Catalysis
mechanism

Organic con-
taminant
targeted

Degradation
process

parameters
Removal
efficiency Removal rate Kinetics model Reference

SS � � � Microwave
pyrolysis: single
mode irradia-

tion at
2.45GHz,

Power: 200, 300,
and 400W

Heterogeneous
Fenton
oxidation

TCE pH: 3.1, 4.8, 6.8,
t¼ 12min,
T¼ 25 �C

83% � � � � � � 216

SS Chemical mod-
ification with

HNO3

Pyrolysis:
T¼ 500 �C,
t¼ 4 h

H2O2 activation CIP pH: 3, 5, 7, and
9, D: 0.4 g l�1,
T¼ 25 �C,
t¼ 24 h

HNO3 modified
biochar/H2O2:
93%, Biochar/
H2O2: 70.6%

� � � Pseudo first
order (R2:
0.9753 –

Unmodified
biochar, R2:

0.9506 – modi-
fied biochar)

214

DWS � � � Pyrolysis:
T¼ 300–900 �C,

t¼ 4 h

Percarbonate
activation

Phthalate esters pH: 3–11, t¼ 12
h, D: 0.8–3.3 g
l�1, Molar ratio

of
PC:PAE¼ 1:10

SDB300: 30%,
SDB3¼ 500:
54%, SDB700:
45%, SDB900:

65%

� � � Pseudo first
order

215

SS � � � Pyrolysis:T¼-
400–800 �C,

t¼ 6 h

Peroxymonosul-
fate activation

Bisphenol-A pH: 4–10, D:
0.2 g l�1

� � � Average
removal rate:
3.21mol BPA/
mol oxidant/h

Pseudo first
order

219

SS Nitrogen-rich
sludge blended
with melamine

Single-step
pyrolysis:
T¼ 800 �C,
t¼ 3 h

Peroxymonosul-
fate activation

RB, RB5, MO,
AO7, RB4, MB

pH: 3–9, D:
200mg l�1,
T¼ 27 �C,

Molar ration of
DSS:melamine -
0:1, 0.5:1, 1:0,

1:0.5

AO7: 98.2%
(5min), RB:
98.8% (5min),
RB5: 99.4%

(20min), MB:
82.9% (30min),
MO: 99.2%
(5min), RB4:
98.8% (5min),
RB5: 99.4%
(20min)

� � � Pseudo first
order

218

SS Integrated with
agar-MnCl2
and treated
with NH4OH

Single-step
pyrolysis:
T¼ 800 �C,
t¼ 1 h

Peroxymonosul-
fate activation

AO7 pH: 6–12,
Catalyst: 0.2 g
l�1, AO7: 20mg
l�1, T¼ 25 �C

91.4% (20min),
100% (40min)

� � � Pseudo first
order
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habitat by means of atmospheric deposition, wastewater sludges, and
irrigation through unprocessed biosolids.224,225 Sewage sludge is a pre-
liminary plight and channel for the microplastics to get into the ter-
rene personating detrimental consequences on the aquatic and soil
environment.226,227 As an illustration, a passable estimate of around
7.2 � 109 day of microplastics was emitted into streams from water
treatment plants worldwide.228 Some marine species possess micro-
particular matter rapidly accrued by invertebrates or plankton.
Pollutants being bestowed with greater surface area values, smaller
particle size, and hydrophobicity can be readily adsorbed onto the sur-
face of microplastics, thereby engendering microplastics to function as
carrier agents for various noxious contaminants, including persistent
organic pollutants. Plastic debris often comprises chemical additives
and plasticizing agents, such as Phthalates, Bisphenol-A, and
Polybrominated diphenyl ethers, capable of inducing lethal after-
effects post ingestion by living entities, instigating hazards to the eco-
logical as well as human health.229–232 Moreover, these microplastics
are also competent enough to adsorb heavy metal ions, such as iron,
cadmium, lead, arsenic, and copper, evoking endocrine disruptor
implications and cellular apoptosis attributable to their interactivity
with DNA molecules.232,233 There exists an indispensable necessity to
pay heed to the sludge-derived microplastic pollution and the plausible
detrimental menaces associated with human health and explore effec-
tual curbing measures.

Preliminary surveys exhibited microplastic removal efficacies of
around 64.4% from conventional water treatment plant sludges
through customary activated sludge methodologies posing conceivable
ecological risks.234 Different progressive strategies are employed to
eliminate microplastics in sludges, including bioremediation,235

adsorption using graphene, biochar, activated carbon-based adsorb-
ents, etc.225,236 Biochar serves as an efficacious adsorbent for the evic-
tion of microplastics from aqueous environments owing to its
inherent advantages, such as greater surface area, porousness, and eco-
logical versatility.237 Wang et al.238 reported magnetically modified
biochar adsorbents for the eviction of microplastics from aqueous sys-
tems. Magnetic biochar modified with Zn, Mg, and Fe demonstrated
removal efficacies of 99.46%, 98.75%, and 94.81%, respectively, for
polystyrene microspheres. The incorporation of metal nanoparticles
substantially enhanced the removal efficiencies attributable to the elec-
trostatic attractive forces and chemical bonding between microplastics
and functional moieties of magnetic biochar. Microplastic disintegra-
tion and regeneration of biochar-based adsorbents were achieved by
thermal treatment synchronously. The deterioration of microplastics
was fostered by catalytically active sites emanating from Zn, Mg, and
Fe liberating sorption sites. Even post five adsorption-pyrolysis regen-
eration cycles, the as-prepared adsorbents exhibited superior removal
efficacies of 95.79%, 94.6%, and 95.02% for Zn, Mg modified magnetic
biochar and magnetic biochar adsorbents devoid of any metal nano-
particles, respectively, thereby corroborating economic and
environment-friendly Zn/Mg-magnetic biochars as potent and effica-
cious adsorbents for the elimination and deterioration of
microplastics.238

4. Antibiotics

Antibiotics have extensively been utilized in inhibiting bacterial
diseases while ameliorating livestock and human health.239

Nevertheless, a multitude of antibiotics are inadequately metabolized
and are consequently defecated into the surroundings via the excreta
of animals and human beings. Antibiotics discharged into the ecosys-
tem lead to short-term and long-term prohibitory repercussions owing
to their noxiousness.239 Moreover, their existence in the surroundings
might engender the preponderance of resistive bacterial strains. As an
illustration, fluoroquinolone compounds, being essentially exuded
invariably (undergoing less than 25% metabolism), can penetrate the
ecological system through the expulsion of unprocessed swine waste-
water upon agrarian soil as manure.197 Hence, it is imperative to seek
cost-efficient, expedient, and effectual strategies to eradicate antibiotics
from aqueous systems. Biochar-based adsorbents derived from various
sludges are endowed with greater specific surface area, mesoporosity,
surface reactiveness, and polarity, consequently inducing the sorption
of various antibiotics from distinct ecological systems.240 For instance,
Ma et al.239 reported municipal sludge-based biochar subjected to acti-
vation with zinc chloride, utilized as the base material for hydrother-
mal production of magnetically modified sludge-based biochar to
eliminate ciprofloxacin (CIP) and tetracycline (TC). The aforestated
adsorbent demonstrated maximal adsorption capacities of 74.2 and
145mg g�1 for CIP and TC at 25 �C, respectively. Adsorption kinetic
data studies and isothermmodels revealed that the sorption phenome-
non was predominated by p–p conjugation, pore filling, hydrogen
bonding, and complexation of oxygen possessing functional moieties.
Moreover, the adsorbent displayed greater selectivity toward CIP and
TC at higher ionic strength across a diverse spectrum of pH values. In
another study, Wei et al.118 proclaimed hydrothermally synthesized
sewage sludge-based biochar loaded with iron to remove doxycycline
(DOX) and tetracycline (TC) antibiotics. The as-prepared biochar
adsorbents manifested the selective eviction of two types of antibiotics.
The unary antibiotic system exhibited maximal adsorption capacity
values of 129.98 and 104.86mg g�1 for DOX and TC at 20 �C, respec-
tively. The manner of adsorption of antibiotics onto the sludge-
derived biochar adsorbent was regulated by a multistage comprehen-
sive adsorption phenomenon encompassing complexation, electro-
static interactions, p–p interactions between acceptor and donor, and
hydrogen bonding. Contrarily, the binary antibiotics system exempli-
fied an antagonistic effect between DOX and TC, and the sorption of
TC was more restrained compared to DOX, owing to greater steric
hindrance displayed by the molecular framework of TC.118 Zhang
et al.197 reported freshwater sludge-derived hydrochar and biochar to
eliminate enrofloxacin (ENR) from swine wastewater. The adsorption
of ENR was least impacted by the solution pH attributed to preemi-
nent physisorption evinced by an appropriate fit obtained with BET
adsorption isotherm model (R2:0.95) and the sorption mechanism for
hydrochar best fitted with the Freundlich adsorption isotherm.197

The adsorption of various contaminants from wastewater
employing biochar involves an intricate relationship between the phys-
icochemical characteristics of the adsorbent, biomass feedstock type,
thermochemical conversion technique employed, and processing con-
ditions. Various parameters encompassing particle size, heating rate,
residence time, and pyrolysis temperature are known to impact the
biochar quality and yield.241 Analogously, it is discernible that these
factors might exhibit a prominent effect on the adsorption efficacy
toward an extensive array of contaminants, out of which temperature
purportedly serves as a fundamental criterion. It was ascertained that
the pyrolytic temperature demonstrated supreme leverage on the

Applied Physics Reviews REVIEW pubs.aip.org/aip/are

Appl. Phys. Rev. 10, 031308 (2023); doi: 10.1063/5.0137651 10, 031308-33

Published under an exclusive license by AIP Publishing

 29 August 2023 15:25:40

pubs.aip.org/aip/are


isotherm shapes and structural properties compared to the biomass
feedstock employed.242 The pyrolytic temperature impacted the bio-
chars’ degree of carbonization; at greater pyrolysis temperatures, the
surface area was substantially augmented, and a greater amount of
nanoporous structures were formed, with a diminution in the amount
of nitrogen, sulfur, hydrogen, and oxygen-containing functional moie-
ties and cation exchange capacity, thereby ensuing in precipitously
ameliorated adsorption rates toward organic contaminants.243,244

Studies reported in the literature revealed that at greater pyrolytic tem-
peratures, alkalinity, pore structure, and specific surface area were
increased, which is efficacious for capturing inorganic contaminants.
Furthermore, the heating rate is known to impact the biochar yield,
while the pyrolysis time impacts the porous framework, specific sur-
face area, and constitution of biochar.244 These parameters on integra-
tion with the carbonization atmosphere and activation techniques
employed are known to demonstrate a considerable influence on the
biochar adsorption performance.

B. Adsorption of toxic gases

Acidic gases, such as hydrogen sulfide (H2S) and carbon dioxide
(CO2), are released during the anaerobic digestion of organic compo-
nents, extrication of naphtha, combustion and production gases, pow-
erhouse exhausts, etc. H2S is a mephitic, lethal, and erosive gas that
generates sulfur dioxide (SO2) during combustion, eventuating acid
rain and is often discharged in landfill sites, sewage treatment plants,
etc.245,246 Restraining the release of CO2 is essential from the stance of
climate mitigation and global warming, as CO2 transmission induced
by fossil fuel combustion is the principal forerunner of climate crisis
recounting for 40% of the carbon emanations.247 Among various
adsorbents248 employed for eliminating toxic gases, biochar is an eco-
nomic and sustained alternative possessing exceptional adsorption
characteristics that can be expedited through surface functionalization
or activation. Biochar acquired from the fast pyrolysis technique com-
prehends functional moieties that effectuate it as an exemplary sub-
stance to adsorb acidic gases.247 CO2 eviction potential through the
industries employing biochar is projected to span from 1.8 to 3.3 giga-
tonnes of CO2 emissions per year. A sewage treatment facility that
engenders 100 dry tonnes of SS is conjectured to produce 65 tonnes of
biochar, presuming a median yield of 65% and �20 kt of CO2 emis-
sions could be captured annually contingent on greenhouse gas emis-
sions of 0.9 kg CO2 emissions per kg of biochar.249

KOH-modified biochar acquired from the pyrolysis of an admix-
ture of pine sawdust and sewage sludge (S3W7) demonstrated a
greater propensity for CO2 capture with adsorption capacity values of
177.1mg g�1 at 700 �C attributable to greater micropore volume
(0.68 cm3 g�1) and surface area (2623 m2 g�1). Additionally, biochar’s
aromaticity, hydrophobic nature, surface functionalities, and nitrogen
heteroatoms were strenuously associated with CO2 adsorption by bio-
char.247 In another study, greater CO2 adsorption capacities of
136.7–182mg g�1 were ascertained for an admixture of pine sawdust
and sewage sludge-derived biochar activated with KOH in contrast
with the unmodified biochar (35.5–42.9mg g�1) imputable to the
occurrence of micropores following KOH activation, substantially
expediting the CO2 adsorption capacity. The as-prepared biochar
(BC-700K) demonstrated a recyclability of 97% within ten sequential
adsorption-desorption cycles at 1 bar pressure and 25 �C tempera-
ture.250 Sewage sludge-derived biochar manifested enhanced removal

of H2S by 1.04 and 3.3 folds at 25 and 100wt. % moisture content,
respectively, appertaining to the catalytic transformation to elemental
SO4

2– and S0 serving as the significant pathway of H2S elimination.
Sludge-based waste could be transformed into value-aggregated bio-
char as an adsorbent for capturing H2S remarkably at greater moisture
contents, thereby facilitating the thorough oxidation of H2S to
SO4

2–.246

The toxic gas adsorption capacity of biochar, which is equivalent
to the capacity of gas adsorbed per unit mass of biochar, predomi-
nantly relies on the physicochemical characteristics of biochar includ-
ing surface basicity, hydrophobicity, pore volume, surface area, pore
size, aromaticity, polarity and the existence of alkaline and alkali earth
metals and other surface functionalities.251 These physicochemical
characteristics of biochar are in turn intricately linked with thermo-
chemical parameters involved in biochar synthesis and biomass feed-
stock type.252,253 The chemical and physical modifications of biochar
to augment the surface properties would substantially enhance the
ability of biochar to eliminate toxic gases. However, large-scale imple-
mentation of biochar for capturing toxic gases must be emphasized in
the near future, along with the advancement of contemporary
approaches for the reutilization of the adsorbed gas or its transforma-
tion into viable products.

C. Vermicomposting of sludges

Vermicomposting of sludges serves as a substitute to transform
sludge-derived waste into value-aggregated products.254

Vermicomposting is a decomposition technique that enables the mod-
ification of organic matter by virtue of microbes and worms into stabi-
lized humus-like substances ascertained as vermicompost.255 The
earthworms will assimilate, pulverize, and digest the organic matter
with the aid of microflora in their gut, subsequently amending the
chemical, physical, and biological constitution of the organic matter.256

This technique manifests a broad spectrum of perquisites for sustain-
able and expedient utilization of sludges generated by water treatment
plants.257 In the interim of the vermicomposting method, heavy metals
existing within sewage sludges could impede the activities of earth-
worms, eventuating in lowered growth, reproduction, and death and,
consequently, the efficacy of transforming sludge into vermicompost.
Hence, vermicomposting of sludges shall demand the inclusion of sup-
plemental substances to ascertain optimum characteristics for the
growth and reproduction of the earthworms and, consequently, ame-
liorate the transformation rate and attributes of the derived vermicom-
post. These subsidiary substances incorporate bulking agent
components such as various types of crop straw, phosphate rock, fly
ash, wood chips, soil, biochar, etc.258

Biochar consists of comparatively recalcitrant carbon, leachable
ash, and carbon, and it exhibits notable sorption characteristics and
stableness, and consequently, retentivity of nutrients, water, and other
compounds. Biochar can minimize the bioaccumulation of toxic metal
ions in sludges and can also comprehend micro and macronutrients,
thereby serving as an invaluable source of nutriment for soil macrofau-
nae like earthworms and other soil microbes.259 Krystyna et al.258

studied the utilization of SS-based biochar employed as an ancillary
component for wood chips and municipal SS processed by consoli-
dated vermicomposting and composting techniques. Incorporating
SS-based biochar into the mixture prior to composting resulted in sub-
stantially greater reproduction rates; the proportion of cocoons was
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enhanced by 213% in the fourth week, in contrast with the mixture
devoid of biochar. The average ratio of juveniles was intensified by 11
folds in the admixture possessing biochar incorporated prior to com-
posting and five folds in the admixtures containing biochar included
post composting process in contrast with the combinations devoid of
biochar. Biochar included prior to composting lowered the bioaccu-
mulation of cadmium and zinc toward E. fetida. The biochar-
incorporated vermicompost exhibited favorable fertilizing characteris-
tics exclusive of higher concentrations of chromium. The as-prepared
vermicompost could be employed as a cultivation substrate for amelio-
rating calciferous soils or horticultural applications.258 In another
study, Mali�nska et al.257 reported the impact of biochar on the activity
of E. fetida during vermicomposting of precomposed SS integrated
with wheat straw and modified with biochar. The modification of SS
and wheat straw admixtures incorporating 4% and 8% biochar expe-
dited the reproduction rate of E. fetida during vermicomposting, and
the maximum yield of cocoons was discerned post 4 weeks. The
greater reproduction rate contemplated ensued from the decreased
concentration of toxic metal ions in the admixtures possessing 4 and
8% biochar. Incorporating biochar into the SS and wheat straw admix-
tures during pre-composting induced greater potassium concentra-
tions. Furthermore, the produced vermicompost and compost
demonstrated reduced pH values serving as an appropriate criterion
for prospective use as a horticulture growth substrate.257

Vermicomposting and biochar were recognized to be credible
solutions to promote crop yields.260 Nevertheless, soil emissions of
nitrous oxide were intensified by the activities of earthworms.261 The
existing literature insinuated that vermicomposting is a cost-effective
substitute for chemical fertilizers, as it enhanced soil fertility, nutrients
(specifically N), enzymes, andmicrobial biodiversity while diminishing

the heavy metal content and soil pathogens. Furthermore, vermicom-
posting augmented the nitrogen content and withheld it in the soils
for longer durations. A decrement in carbon content, pH, and C/N
ratio as discernible from the literature manifested the positive reper-
cussions of vermicomposting.

D. Soil amelioration and enhancement in plant growth

Biochar possesses greater nutrient content and porosity, effica-
cious water retention capacity, and an extensive microstructure for
plausible use as soil ameliorating agents.262 It provides an extensive
array of merits for soil amelioration, like enhancement in pH values,
physicochemical characteristics, nutrient levels, curtailment of carbon
emissions, minimization of soil erosion and refinement of soil struc-
ture, and immobilization of heavy metals, including zinc, cadmium,
arsenic, etc.

The cation exchange mechanism contemplated for the immobili-
zation of potentially noxious metal ions onto biochar is explained
(Fig. 6).263,264

The toxic metal ions interchange with different cations, such as
magnesium and calcium, additionally ascribed to the co-precipitation
of toxic metal ions and their inner sphere complexation with the intri-
cate mineral oxides and humus substances present in biochar. Initially,
the strength of toxic metal ion adsorption onto the biochar surface is
lower owing to the existence of water molecules circumscribing the
metal ion (oscillation across the length of electrostatic interactive
forces). Eventually, water molecules are discharged, and the propensity
toward complexation augments, contingent on the structure and com-
position of the reactive biochar surface, consequently generating a
robust inner-sphere complex depreciating the emancipation of toxic
metal ions back to the soil solution.264

FIG. 6. Graphical illustration of the cation exchange mechanism between plausibly toxic metal ions dissolved in soil solution and the positively charged ions present on the
reactive biochar surface via co-precipitation and inner sphere complexation.
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The utilization of biochar as a fertilizer can enrich the productive
capacity of crops with a mean increment of 10% while lowering the
nutrient losses via leaching.265–268 Sousa et al.265 examined the effect
of varying dosages of sewage sludge-based biochar on the soil prolifi-
cacy and agricultural growth of radish (Raphanus sativus L.). The
experimental analysis was performed in a greenhouse and was com-
prehensively indiscriminate, with six treatments and four replicas. Soil
characteristics assessing pre- and post-culturing of radish demon-
strated that the test variables reciprocated effectively to the increment
in biochar dosage from 10 to 30 g kg�1, and a negligible diminution in
the test parameters was ascertained after biochar dosages of 30 g kg�1.
The aforestated biochar facilitated higher ratios of foliar nutrients
besides zinc and potassium, fostering additional plant growth with ris-
ing plant height, leaf number, and aboveground dry weight. It could
furnish nutrients to plants within a brief interval with a subsequent
improvement in radish production.265

In another study, Elkhlifi et al.269 analyzed the efficiency of differ-
ent phosphate-lanthanum coated sewage sludge-based biochars
(SSBC, SSBC-P, La-SSBC, and La-SSBC-P) on the phosphate retention
in soil and the growth of ryegrass (Lolium perenne L.) in a basic soil
environment. The test results demonstrated amelioration in plant
height, plant dry biomass, germination percentage, and aggregate
phosphorous content in ryegrass leaves when treated with La-SSBC-P
in contrast with other biochars. La-SSBC-P treatment substantially
modified some chemical properties of the alkaline soil post-harvesting,
such as the soil organic matter, cation exchange capacity, pH, lime-
stone, lanthanum, and phosphate contents. The soil-accessible phos-
phorus content was augmented by 6.7 folds after coating biochar with
La and P (La-SSBC-P). The implementation of La-SSBC-P consider-
ably enriched the growth of ryegrass plant and soil characteristics
when subjected to an alkaline soil environment, thereby serving as a
prospective alternative for phosphorus-based fertilizers for agrarian
implications.269

While assessing the effect of biochar on soil biological character-
istics, community configuration, and microbial functional activities
could be contemplated as efficacious indicators. The utilization of bio-
char can impact microbial growth by ameliorating soil characteristics,
including water-holding capability, nutrients (Ca, K, N, C, Mg, and P),
soil porosity, and pH. Estimation of the biome configuration in soil
post the inclusion of biochar, evidenced that soil and biochar feedstock
type were crucial factors.270 The large-scale employment of biochar in
soil media would ineluctably influence the constitution and amount of
soil organic carbon. Biochar stability in the soil is afflicted by chemical,
physical, and biological decomposition.271 Furthermore, the minerali-
zation rate of biochar in the soil was found to decline with an elevation
in pyrolysis temperatures, inextricably linked with enhancement in the
aromatic condensation of biochar.272 The impact of biochar on carbon
footprint reduction was strongly associated with the C/N, H/C ratio,
and porosity.

V. REGENERATION AND REUTILIZATION
OF SLUDGE-DERIVED BIOCHAR

Biochar regeneration is an indispensable criterion for practically
implementing the adsorbent and is essential for the adsorption phe-
nomenon and pecuniary sustainability. Regeneration of biochar is a
reversal adsorption phenomenon predicated on two fundamental
integrities: adsorbate decomposition and desorption. A competent

adsorbent must demonstrate exceptional recyclability for commercial
use and be capable of curtailing the expenditures associated with the
adsorbent as recurrent sorption–desorption cycles. Regeneration,
along with being economical, also eradicates secondary pollutants.
Various regeneration strategies, inclusive of solvent, ultrasonic, ther-
mal, electrochemical, supercritical fluid regeneration, and microwave
irradiation, were denounced, but the customarily employed economic
methodology for wastewater treatment is thermal regeneration.18

Recyclable magnetic biochar derived from dewatered sludge was
employed to activate PMS to disintegrate tetracycline antibiotics. The
catalytic efficacy of the magnetic biochar (MBC) was higher than that
of pristine biochar, and an elimination rate of 89.05% was attained for
tetracycline within 120min, accountable to the substantial enhance-
ment in the specific surface area and pore volume of magnetic biochar
and the activation of PMS through the magnetic media of Fe3O4. Four
recycling tests performed for tetracycline disintegration to remove
magnetic biochar demonstrated removal rates of 79.89% and 54.91%
at the first and fourth regeneration cycles, respectively. The degrada-
tion efficacy of the antibiotic retained stability from the second to
fourth cycle, manifesting the recyclability of MBC.273

Disposing of depleted adsorbents comprising adsorbed toxic
metal ions demands considerable emphasis as the inappropriate dis-
carding of exhausted adsorbents might engender environmental pollu-
tion. Even though the depleted adsorbents could be desorbed through
chemical regeneration methodologies, reprocessing the used eluate
possessing greater concentrations of heavy metal ions is nevertheless a
taxing liability. Landfilling is the customarily utilized approach in dis-
posing of depleted adsorbents; however, it still poses a risk to public
health owing to the reservoir of metal ion-loaded solid debris,274 exhil-
arating investigators to discern conceivable utilization of the exhausted
adsorbents while catering to the requisites of circular economy and
ecological integrity. Spent magnetic biochar containing adsorbed Cu2þ

ions (Cu-Fe@BC) could be explicitly utilized as a catalyst for activating
permonosulfate (PMS) for the subsequent disintegration of norfloxa-
cin (NOR), a class of fluoroquinolone antibiotics. Density functional
theory studies and electrochemical analysis elucidated that the pres-
ence of copper ions in the adsorbent ameliorated PMS activation and
the deterioration efficacy of norfloxacin by upgrading the adsorption
capacity of PMS and rendering the transmittance of electrons. Around
91.47% of the antibiotic was expeditiously disintegrated in the Cu-
Fe@BC–PMS system along with lower leaching of Cu (<56lg) and Fe
ions (<33lg), respectively, in the acidic media. A comprehensive
mechanistic analysis performed through radical capturing, scavenging,
and solvent exchange divulged that the adsorbed copper ions pro-
moted the generation of non-radical as well as radical entities for the
deterioration of NOR. The adsorbent retained a stabilized operation
for a protracted period, and by sufficing the catalytic activity in com-
plex water purification systems, it could be promptly segregated for
recycling. This study bestows an optimistic approach regarding the
value aggregated usage of spent adsorbent as an economically efficient
catalytic material that shapes a persuasive oxidative system for treating
wastewater contaminated with NOR.275

VI. TOXICITY OF SLUDGE-BASED BIOCHAR

The subsistence of minerals and toxic metals within sludges and
their prospective bioaccumulation in food chains impersonates a
severe menace to human health and impediments to their utilization
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in the agrarian domain.276 Polycyclic aromatic hydrocarbons (PAHs),
reported carcinogenic agents, are generally present in sludges, thereby
necessitating the scrutinization of the variations encountered in PAHs
post-transformation to biochar.277 Phytotoxicity assessment and risk
estimation of the thermochemically transformed sludges have been
assayed by investigators to examine the toxicological impacts of
sludge-based biochar.278 The toxicity of biochar is inextricably linked
with toxic metals, nevertheless, dissolved organic carbon (DOC) dis-
charged from biochar ameliorated fields into freshwater reserves dur-
ing sporadic precipitation with consequent generation of disinfection
entailments serve as some other resources of potentially dangerous
substances present in biochar.279,280 DOC content in biochar can be
curtailed by elevating the pyrolysis process temperatures above 500 �C,
which augments the biochar stability befitting them for soil-based car-
bon sequestration.159 The toxicity of sludges can also be ascribed to
the existence of different pharmaceutical compounds that can be effi-
caciously evicted through the hydrothermal carbonization of sludges
into biochar as a substance with upgraded characteristics for agricul-
tural usage with the concentration of carbamazepine being diminished
by almost 97% along with lowered concentrations of other
micropollutants.281

Biochar could display positive as well as negative repercussions
on flora, fauna, and microbes. The implications of biochar can be its
explicit effect on organisms owing to the presence of inorganic and
organic contaminants.282 Biochar synthesized using a fast pyrolysis
technique at temperatures below 500 �C possessing a more significant
proportion of nutrients can be employed in agricultural applications
while the sludge-derived biochar containing greater porousness and
reduced nutrient values can be utilized for the remediation of degraded
soil.262,271,283 Furthermore, biochar could display toxicological effects
as certain species of plants are responsive to some elements (Cl, Mn,
Na, P, B, and Zn), and under such circumstances, the phytotoxicity of
biochar persists, and it will differ based on the application dosages
employed.284 In addition, the implementation of biological tests per-
mits the interpretation of plausible interactions between various pollu-
tants and establishes the predominant substantiation of the presence
or absence of toxicological repercussions on organisms.285

VII. CONCLUSIONS AND FUTURE PROSPECTIVES

This review analytically renders a conspectus of drinking water,
fecal, and raw sewage sludge-derived biochars for environmental
remediation, explicitly as adsorbents for capturing toxic metal ions,
microplastics, antibiotics, and toxic gases; for the catalytic degenera-
tion of organic pollutants, as soil ameliorating agents; and in vermi-
composting approach. Transforming sludge-derived wastes into
biochar is a sustainable approach to fostering a circular economy while
curtailing the exorbitant costs associated with conventional sludge
management systems. Chemical reactors characterized by diffusion,
friction, mass, or heat transfer, including tunable chemical reactions
promoting the transformation of biomass feedstock into the desired
end products (biochar), served as a decisive milestone in the compre-
hensive process design. The predominant mechanisms in biochar lia-
ble for adsorbing a diverse array of contaminants comprehend
chemisorption through ion exchange, inner sphere complexation, pre-
cipitation, surface complexation, electrostatic interactions, physisorp-
tion, and redox reactions through abundant functional moieties like
–OH, –COOH, and oxygen-based groups present on biochar surfaces.

DWS and SS-derived biochars demonstrated exquisite catalytic
activity toward various organic pollutants through multifarious cata-
lytic mechanisms encompassing peroxymonosulfate, percarbonate,
heterogeneous Fenton oxidation, and hydrogen peroxide activation
owing to the presence of ubisemiquinone and graphitizing structures
in biochar capable of functioning as electron donors or acceptors and
persistent free radicals generated during biochar production. Biochar
acquired from the fast pyrolysis technique comprehends functional
moieties effectuating it as an exemplary substance to adsorb acidic
gases. They are also capable of curtailing the bioavailability of toxic
metal ions in sludges and comprising macro and micronutrients, they
could serve as an invaluable source of nutriment for macrofaunae and
other soil microbes. The resultant biochar properties were predomi-
nantly affected by the particle size, residence time, biomass feedstock,
pyrolysis temperature, carbonization atmosphere, and heating rate.
The adsorption efficacy of the synthesized biochar toward various pol-
lutants was inextricably linked with the sludge type and physicochemi-
cal characteristics of sludge-based biochar contingent on the
processing parameters. For enhanced removal efficacies, the pyrolysis
processing parameters associated with sludges must be selected
methodically based on the adsorbate characteristics. Apart from gener-
ating a microporous framework and specific surface area for biochars,
incorporating nanomaterials and tailored functional moieties has
acquired tremendous interest. Customarily, greater pyrolysis tempera-
tures ameliorated the adsorption properties and physicochemical char-
acteristics of sludge-derived biochars. Nevertheless, biochar
modification through chemical and physical activation techniques was
enormously beneficial in garnering intensified sorption capacities for
different inorganic and organic contaminants ascribable to the higher
density of functional groups and efficacious physicochemical stability
and porousness. Diverse research domains contemplating the valoriza-
tion of DWS, FS, and RS-derived biochars as potent, moderate-cost
adsorbents for effluent treatment should be reconnoitered in the near
future, surmounting the following outlooks:

(i) Commercialization and scaling up of sludge-derived bio-
chars are essential to channel myriad sustainable develop-
ment goals by 2030.

(ii) Computational studies coupled with big-data mining of the
present scientific literature, like machine learning studies,
can assist in discovering the physicochemical characteristics
associated with varied biochar designs.

(iii) Wastewater purification plants possessing discrete process-
ing techniques entail industry-centric biochar designs,
thereby necessitating the generation of biochar production
systems with varied modification facilities.

(iv) Besides the regeneration of expended biochar, their second-
ary usage as viable alternatives is a conceivable strategy for
broadening the scope of the end uses of biochar as distinct
applications generally rely on varied properties and func-
tional moieties. For instance, following the recovery of dif-
ferent contaminants from effluents, biochar could exemplify
the role of metal-immobilizing agents or soil fertilizers.
Moreover, the hazards associated with the expended biochar
must be thoroughly contemplated before plausible use.
Low-risk biochars could be subsequently employed as soil
ameliorating agents or adsorbents, while the high-risk bio-
chars must be stabilized or reutilized in cementitious
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substances capable of attaining immobilization of contami-
nants and carbon sequestration. Optimizing the sorption
phenomenon of sludge-derived biochars implementing con-
temporary approximations like the response surface meth-
odology can prove beneficial.

(v) To scrutinize the stability of sludge-derived biochars by
releasing toxic metal ions and polycyclic aromatic hydrocar-
bon compounds.

(vi) An integrated approach examining the pros and cons of
synthesizing and using sludge-based biochars in terms of an
overall life cycle analysis is imperative.

(vii) Exploring the efficiency of sludge-derived biochars in
treating realistic wastewater and emphasizing the commer-
cialization of biochars considering their stability, post-
processing of expended biochar, and scaled-up applications
are needed.

(viii) Extensive research should be performed to potentially con-
vert the impurities in the sludge-derived biochars to less
extirpative derivatives.

(ix) Fabrication of nanocomposites incorporating sludge-
derived biochars as an additive using contemporary proc-
essing techniques for efficacious sorption of toxic metal ions
and their ameliorated disintegration and chemical reduction
is necessary.

SUPPLEMENTARY MATERIAL

See the supplementary material for epitomization of various steps
associated with the designing of chemical reactors (Fig. S1); classifica-
tion of reactors involved in biochar generation employing torrefaction
(based on the heating mode and gas–solid mixing), gasification, fast
pyrolysis, and HTC processes (Fig. S2); predominant mechanisms
associated with the adsorption of toxic metal ions onto biochar (Fig.
S3); and mechanism involved in the catalytic activation of hydrogen
peroxide through biochar (Fig. S4).
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74A. S. Erses Yay, B. Birinci, S. Açıkalın, and K. Yay, J. Cleaner Prod. 315,
128087 (2021).

75C. vom Eyser, T. C. Schmidt, and J. Tuerk, Chemosphere 153, 280–286
(2016).

76A. Jain, R. Balasubramanian, and M. P. Srinivasan, Chem. Eng. J. 283,
789–805 (2016).

77G. K. Parshetti, Z. Liu, A. Jain, M. P. Srinivasan, and R. Balasubramanian,
Fuel 111, 201–210 (2013).

78Y. S. Ok et al., Biochar: Production, Characterization, and Applications, 1st ed.
(CRC Press, Taylor & Francis Group, 2016).

79M. Escala, T. Zumb€uhl, C. Koller, R. Junge, and R. Krebs, Energy Fuels 27(1),
454–460 (2013).

80A. L. Tasca, M. Puccini, R. Gori, I. Corsi, A. M. R. Galletti, and S. Vitolo,
Waste Manage. 93, 1–13 (2019).

81Y. Zhang, J. Qin, and Y. Yi, Sci. Total Environ. 763, 144550 (2021).
82E. Agrafioti, G. Bouras, D. Kalderis, and E. Diamadopoulos, J. Anal. Appl.
Pyrolysis 101, 72–78 (2013).

83A. Tomczyk, Z. Sokołowska, and P. Boguta, Rev. Environ. Sci. Biotechnol.
19(1), 191–215 (2020).

84A. Zieli�nska, P. Oleszczuk, B. Charmas, J. Skubiszewska-ZieRba, and S.
Pasieczna-Patkowska, J. Anal. Appl. Pyrolysis 112, 201–213 (2015).

85Z. Khanmohammadi, M. Afyuni, and M. R. Mosaddeghi, Waste Manage. Res
33(3), 275–283 (2015).

86S. Aktar, M. A. Hossain, N. Rathnayake, S. Patel, G. Gasco, A. Mendez, C. De
Figueiredo, A. Surapaneni, K. Shah, and J. Paz-Ferreiro, J. Anal. Appl.
Pyrolysis 164, 105542 (2022).

87M. Gold, M. Cunningham, M. Bleuler, R. Arnheiter, A. Sch€onborn, C.
Niwagaba, and L. Strande, J. Water, Sanit. Hyg. Dev. 8(4), 707–717 (2018).

88O. O. D. Afolabi and M. Sohail, J. Environ. Manage. 187, 401–415 (2017).
89D. Fytili and A. Zabaniotou, Renewable Sustainable Energy Rev. 12(1),
116–140 (2008).

90Y. Lim and U.-D. Lee, Fuel Process. Technol. 128, 199–210 (2014).
91P. Basu, Biomass Gasification, Pyrolysis, and Torrefaction: Practical Design
and Theory, 2nd ed. (Academic Press is and imprint of Elsevier, Amsterdam,
Boston, 2013).

Applied Physics Reviews REVIEW pubs.aip.org/aip/are

Appl. Phys. Rev. 10, 031308 (2023); doi: 10.1063/5.0137651 10, 031308-39

Published under an exclusive license by AIP Publishing

 29 August 2023 15:25:40

https://www.un.org/development/desa/pd/content/World-Population-Prospects-2022
https://www.un.org/development/desa/pd/content/World-Population-Prospects-2022
https://doi.org/10.1016/j.rser.2018.03.025
https://doi.org/10.1038/s41545-019-0039-9
https://data.unicef.org/topic/water-and-sanitation/drinking-water/
https://www.un.org/waterforlifedecade/scarcity.shtml
https://www.unwater.org/publications/summary-progress-update-2021-sdg-6-water-and-sanitation-all
https://www.unwater.org/publications/summary-progress-update-2021-sdg-6-water-and-sanitation-all
https://doi.org/10.1016/j.jclepro.2015.10.037
https://doi.org/10.1016/j.jclepro.2015.10.037
https://doi.org/10.1021/es2014264
https://doi.org/10.1038/528029a
https://doi.org/10.4155/cmt.11.22
https://doi.org/10.1016/j.chemosphere.2023.137929
https://doi.org/10.1016/j.scitotenv.2022.159627
https://doi.org/10.1016/j.scitotenv.2022.159627
https://doi.org/10.1016/j.jhazmat.2022.130075
https://doi.org/10.1016/j.biortech.2022.127384
https://doi.org/10.1016/j.jhazmat.2022.128375
https://doi.org/10.1016/j.jhazmat.2020.124893
https://doi.org/10.1016/j.scitotenv.2020.142104
https://doi.org/10.3390/w12123561
https://doi.org/10.1016/j.envpol.2021.118655
https://doi.org/10.1016/j.envres.2020.110656
https://doi.org/10.1016/j.rser.2021.111068
https://doi.org/10.1016/j.rser.2018.02.040
https://doi.org/10.1016/j.chemosphere.2021.131969
https://doi.org/10.1016/j.jclepro.2020.122259
https://doi.org/10.1016/j.resconrec.2020.105291
https://doi.org/10.1016/j.clay.2017.06.027
https://doi.org/10.1016/j.proenv.2016.07.088
https://doi.org/10.1007/s11356-017-0151-7
https://doi.org/10.1016/j.watres.2017.12.063
https://doi.org/10.1016/j.jenvman.2017.09.031
https://doi.org/10.1016/j.watres.2019.115253
https://doi.org/10.1080/10643389.2018.1558889
https://doi.org/10.1080/10643389.2018.1558889
https://doi.org/10.1016/j.conbuildmat.2017.04.159
https://doi.org/10.1039/C8RA05350B
https://doi.org/10.1016/j.cej.2011.04.060
https://doi.org/10.1016/0043-1354(75)90051-2
https://doi.org/10.1038/s43017-022-00306-8
https://doi.org/10.1016/j.psep.2016.05.022
https://doi.org/10.1016/j.psep.2016.05.022
https://doi.org/10.1016/j.watres.2015.11.047
https://doi.org/10.1007/s11157-015-9368-4
https://doi.org/10.1007/s11157-015-9368-4
https://doi.org/10.1016/j.jclepro.2016.12.048
https://doi.org/10.1016/j.jclepro.2016.12.048
https://doi.org/10.1016/j.jclepro.2019.04.240
https://doi.org/10.1016/j.jclepro.2015.02.051
https://doi.org/10.1016/j.jclepro.2015.02.051
https://doi.org/10.1016/j.clay.2011.03.003
https://doi.org/10.1016/j.clay.2011.03.003
https://doi.org/10.1016/j.scitotenv.2021.148479
https://doi.org/10.1016/j.btre.2020.e00570
https://doi.org/10.1007/s13399-019-00572-5
https://doi.org/10.1038/s41467-021-21868-z
https://doi.org/10.1016/j.jclepro.2021.128087
https://doi.org/10.1016/j.chemosphere.2016.03.051
https://doi.org/10.1016/j.cej.2015.08.014
https://doi.org/10.1016/j.fuel.2013.04.052
https://doi.org/10.1021/ef3015266
https://doi.org/10.1016/j.wasman.2019.05.027
https://doi.org/10.1016/j.scitotenv.2020.144550
https://doi.org/10.1016/j.jaap.2013.02.010
https://doi.org/10.1016/j.jaap.2013.02.010
https://doi.org/10.1007/s11157-020-09523-3
https://doi.org/10.1016/j.jaap.2015.01.025
https://doi.org/10.1177/0734242X14565210
https://doi.org/10.1016/j.jaap.2022.105542
https://doi.org/10.1016/j.jaap.2022.105542
https://doi.org/10.2166/washdev.2018.009
https://doi.org/10.1016/j.jenvman.2016.10.067
https://doi.org/10.1016/j.rser.2006.05.014
https://doi.org/10.1016/j.fuproc.2014.07.017
pubs.aip.org/aip/are


92M. Atienza-Mart�ınez, I. Fonts, J. �Abrego, J. Ceamanos, and G. Gea, Chem.
Eng. J. 222, 534–545 (2013).

93Y. W. Huang, M. Q. Chen, and H. F. Luo, Chem. Eng. J. 298, 154–161 (2016).
94J. S. Tumuluru, B. Ghiasi, N. R. Soelberg, and S. Sokhansanj, Front. Energy
Res. 9, 728140 (2021).

95F. Thevenon, M. Marchand, M. Grateau, H. Demey, A. Chatroux, P. Pons de
Vincent, A. De Ryck, and T. Melkior, Biomass Bioenergy 152, 106196 (2021).

96M. B. Nuagah, P. Boakye, S. Oduro-Kwarteng, and Y. A. Sokama-Neuyam,
J. Anal. Appl. Pyrolysis 151, 104903 (2020).

97L. Chen, D. Li, Y. Huang, W. Zhu, Y. Ding, and C. Guo, Water Sci. Technol.
82(2), 255–265 (2020).

98C. Freda, G. Cornacchia, A. Romanelli, V. Valerio, and M. Grieco, Fuel 212,
88–94 (2018).
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