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  HIGHLIGHTS
● Biochar-based nanocomposites are suitable
for sustainable waste treatment

● Biochar contains 50% to 90% carbon, with a
balance of oxygen and hydrogen.

● Biochar enhances water quality, soil health,
carbon sequestration and agricultural
productivity.

● Biochar can be used to addresses waste
management issues and create materials for
environmental cleanup and energy
production.

● Biochar has removal efficiencies of 98.6% and
99.2% for lead and cadmium, respectively.
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  GRAPHICAL ABSTRACT
 

  ABSTRACT
The  study  emphasizes  the  significance  of  biochar-based  nanocomposites
(BNCs)  in  tackling  waste  management  challenges  and  developing  valuable
materials  for  environmental  remediation  and  energy  generation.  BNCs  have
enhanced  adsorption  and  catalytic  properties  by  incorporating  nanoparticles
into  a  charcoal  matrix,  offering  a  dual  benefit  for  waste  treatment  and
environmental  preservation.  Using  waste  biomass  for  BNC  production
repurposes resources and reduces the ecological impact of waste disposal. This
study also addresses the existing research gaps and uncertainties hindering the
widespread  use  of  biochar  and  BNCs.  After  almost  a  decade  of  extensive
research,  it  is  crucial  to  address  and fill  the gaps  in  knowledge,  such as  long-
term  impacts,  carbon  sequestration  rates,  potential  deforestation  and
economic  viability.  Thoroughly  analyzing  the  entire  system  and  establishing
adaptable governance is  need to realize the full  benefits  of  BNCs.  This  article
discusses  the  urgent  need  for  sustainable  technology  and  solutions  to  solve
global  concerns,  including  waste  management,  water  quality,  soil  health,
climate change and renewable energy. Its aim is to improve existing research
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by providing a comprehensive overview of the potential of biochar and BNCs in
achieving  sustainability  objectives.  It  also  identifies  research  gaps  and
challenges  that  must  be  addressed,  directing  future  research  directions.  It
extensively  reviews  biochar-based  nanocomposites  derived  from  waste
biomass  as  a  sustainable  solution  for  wastewater  treatment  and  renewable
bioenergy.  The  constraints  and  future  research  directions  have  been
highlighted,  offering  essential  perspectives  on  the  potential  of  biochar  and
BNCs in addressing global sustainability issues.

© The Author(s) 2024. Published by Higher Education Press. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0)

  

1    Introduction
 
As  the  global  population  continues  expanding  toward  10
billion  by  2050,  there  is  a  significant  increase  in  waste
generation  that  existing  waste  management  systems  cannot
handle[1]. The percentage of people living in urban areas in the
Americas (excluding Canada and the USA), Asia and Africa is
projected to rise from 46% in 2015 to over 60% by 2050[2]. This
unplanned  urbanization  has  led  to  the  sprawl  of  informal
settlements  and  slums  that  lack  access  to  municipal  waste
collection  services  and  proper  disposal  infrastructure[3].
However,  contemporary  industrial  agriculture  often  degrades
soil  fertility,  pollutes  waterways,  emits  greenhouse  gases  and
remains  vulnerable  to  climate  disruptions,  including  drought,
flooding  and  extreme  heat.  Simply  intensifying  unsustainable
practices  would  accelerate  environmental  decline  and
undermine  long-term  food  security.  There  is  an  urgent  need
for  technologies  and  management  strategies  that
simultaneously  enhance  agricultural  productivity,  restore  soil
health, improve water quality, sequester carbon and strengthen
resilience to shifting local climates[4].

Biochar  presents  a  potentially  transformative  solution  that
addresses multiple sustainability objectives across food systems
and ecosystems.  Biochar is  derived from the Greek word βίoς,
meaning life, and char, provided with the meaning of charcoal
carbonaceous  substance  generated  from  biomass  via  the
pyrolysis process, wherein the organic material is heated in the
absence of oxygen[5]. The resulting material looks like charcoal,
but  it  has  unique  properties  that  make  it  highly  beneficial  for
improving soil  health and carbon sequestration.  Applying this
highly  stable  carbon  as  a  soil  amendment  provides  viable
option  for  large-scale  carbon  sequestration  while  generating
valuable  additional  benefits  for  soil  fertility  and  agricultural
yields[6].  However, despite over a decade of intensive research,
uncertainties and knowledge gaps hinder widespread adoption
of biochar.

The  origins  of  biochar  date  back  over  2500  years  to  the
Amazon  basin,  where  indigenous  people  amended  the
notoriously  nutrient-poor  soils  with  biochar[7].  These  ancient
soils, known as Terra Preta de Índios, still contain high levels of
organic  carbon and nutrients,  making them highly productive
for  agriculture[8].  In  the  contemporary  context,  researchers
rediscovered  biochar  in  the  late  1990s  and  early  2000s  as  a
novel  approach  for  enhancing  soil  fertility  while  sequestering
carbon  in  a  stable  form[9,10].  Modern  researchers  have  since
recognized  the  potential  of  biochar  to  address  environmental
and  agricultural  challenges,  leading  to  a  surge  in
interdisciplinary research. Despite these advancements, several
research gaps must be addressed to fully realize the benefits of
biochar.

Since  this  rediscovery,  biochar  research  has  rapidly  expanded
across  disciplines,  from soil  sciences to engineering to climate
modeling,  exploring  agronomic[11–13],  environmental[14–16],
and  societal  benefits  associated  with  biochar  application.
However,  understanding  how  biochar  interacts  with  soil
ecosystems over decades is crucial for confirming its long-term
viability.  Research  must  focus  on  longitudinal  studies  that
monitor  the  impact  of  biochar  on  soil  health,  microbial
communities and carbon sequestration over extended periods.
More  research  is  needed  to  understand  the  biochemical  and
physical  processes  involved  in  biochar  application,  including
how  biochar  influences  nutrient  availability,  water  retention
and  soil  microbial  activity  under  various  environmental
conditions.

The  fundamental  aspect  of  biochar  is  that  it  provides  a
straightforward  and  multifaceted  solution.  By  pyrolyzing
organic  wastes  and  waste  biomass,  which  would  otherwise  be
able  to  disintegrate  and  produce  carbon  monoxide,  methane,
hydrogen gases and C1–C2 hydrocarbons, not only is it possible
to  minimize  emissions  of  greenhouse  gases,  but  it  also  turns
carbon  into  a  stable  form  that  can  be  stored  in  soils  for
hundreds  to  thousands  of  years[17–19].  By  enhancing  essential

118 Front. Agr. Sci. Eng. 2025, 12(1): 117–147



soil  qualities  such  as  water  retention,  pH  levels,  nutrient
availability,  microbial  populations  and  other  aspects,
incorporating  this  carbon-rich  material  into  soils  results  in
many additional advantages[20–22].

Biochar-based  nanocomposites  (BNCs),  mainly  derived  from
waste  biomass,  have  been  developed  as  a  sustainable  solution
for  wastewater  treatment  and  renewable  bioenergy
production[4].  This  approach  offers  a  dual  benefit  by
addressing  waste  management  challenges  while  producing
valuable  materials  for  environmental  remediation  and  energy
generation.  BNCs  are  formed  by  incorporating  nanomaterials
into a biochar matrix, enhancing their adsorption and catalytic
properties.  Using  waste  biomass  as  a  feedstock  for  BNC
production further contributes to sustainability by repurposing
materials  that  would  otherwise  be  disposed  of,  reducing  the
environmental impact of waste disposal.

With such a wide range of potential advantages across multiple
spheres,  many  prominent  organizations  have  touted  the  BNC
application as an accessible, scalable climate solution ready for
investment  and  large-scale  implementation.  The  UN
Intergovernmental Panel on Climate Change highlighted BNC
production and soil incorporation as a direct option for carbon
dioxide  removal  in  its  2018  report[23]. Project  Drawdown
identifies  BNCs as  one  of  the  most  impactful  technologies  for
reversing global warming[24].  Groups such as the World Bank,
World  Economic  Forum  and  UN  Convention  to  Combat
Desertification  have  all  released  reports  emphasizing  the
importance  of  biochar  for  climate-smart  agriculture  and
sustainable development priorities[25].

Additionally, the production of BNCs from waste biomass can
contribute to the UN Sustainable Development Goals for most
of Goal 6 (Clean Water and Sanitation) and Goal 7 (Affordable
and  Clean  Energy)[1].  BNCs  have  provided  promising
performance  in  removing  organic  and  inorganic  pollutants,
heavy metals and pathogens from wastewater, improving water
quality and sanitation[4,18]. Also, biochar produced from waste
biomass  can  be  used  as  a  renewable  energy  source  through
bioenergy  production  processes,  including  pyrolysis  and
gasification,  supporting  the  transition  toward  clean  and
sustainable energy sources.

However, some critics have also raised concerns about biochar
systems  needing  to  be  more  generally  adopted  before  fully
understanding potential long-term issues. Skeptics caution that
carbon  sequestration  rates  could  decrease  over  time  as  soils
reach  saturation.  Others  warn  that  large-scale  biochar
application  could  indirectly  drive  further  deforestation  or

agricultural  expansion  if  new  land  is  cleared  to  produce
feedstock biomass. Additional life cycle analyses are needed to
compare  trade-offs  related  to  different  biochar  production
systems,  transportation  methods  and  land  management
practices. There remain open questions surrounding economic
incentives,  appropriate  regulatory  policies  and  effective
business models that value sustainability attributes.

A  growing  body  of  multidisciplinary  evidence  positions
biochar  solutions  as  uniquely  promising  tools  to  address
multiple  global  challenges  related  to  water  and  food  systems,
soil  health,  waste  management,  land  degradation,  climate
change  resilience  and  greenhouse  gas  mitigation.  However,
fully  capitalizing  on  these  potential  benefits  without
underappreciated  drawbacks  will  require  holistic  evaluation,
system-level  thinking  and adaptive  governance.  There  are  still
active  debates  regarding  the  realistic  climate  impact,  ideal
production methods, environmental trade-offs, socioeconomic
barriers  and  scalability  constraints  of  biochar.  However,  the
past  two  decades  of  intensive  biochar  research  offer  an
encouraging  start.  With  continued  investigation  and  strategic
investment  guided  by  sustainability  science,  biochar  systems
could  foster  wastewater,  ecological  and  climate  improvements
for the 21st century and beyond.

This  paper  evaluates  the  potential  of  biochar  and  biochar
nanocomposites  (BNCs)  as  sustainable  solutions  to  pressing
environmental  and  agricultural  challenges.  Specifically,  to
examine  how  biochar  improves  soil  health,  enhances
agricultural  productivity  and  contributes  to  carbon
sequestration, explore the dual benefits of BNCs in wastewater
treatment  and  renewable  energy  production  and  trace  the
origins of biochar and its resurgence in contemporary research.
Also,  it  addresses  criticisms  and  knowledge  gaps  related  to
adoption and scalability of biochar, and its contributions to the
UN Sustainable Development Goals and climate initiatives.
 

2    Production of biochar from waste
biomass
  

2.1    Feedstock selection
Feedstock describes substances or raw materials used as inputs
in  manufacturing  processes  or  to  produce  items[26].  When
discussing  producing  biochar,  feedstock  usually  refers  to
organic resources converted into biochar by pyrolysis or other
methods,  such  as  biomass,  forestry,  agriculture,  industrial
waste  or  agricultural  waste[27].  The  feedstock  selection  could
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significantly  impact  the  characteristics  and  caliber  of  the
biochar generated.

Feedstock  selection  is  a  critical  factor  influencing  the
properties, performance and sustainability of biochar products.
Different  biomass  sources  can  significantly  impact  biochar
yields  and  characteristics,  including  nutrient  levels  and  pH,
contaminant  profiles,  production  energy  requirements,
economics  and  life  cycle  environmental  footprints[28–30].
Strategically  selecting  appropriate  low-cost,  locally  available
and  environmentally  sound  feedstocks  is  essential  for
optimizing biochar systems.

Abundant  organic  waste  residues  and  byproducts  often  make
attractive  biochar  feedstock.  These  include  agricultural  crop
residues  including  straw,  husks,  bagasse,  nut  shells,  orchard
prunings, forestry thinnings, sawdust, urban green waste from
tree  trimmings,  livestock  manures,  food  processing  wastes,
biosolids  and  byproduct  streams  from  pulp  or  paper  or
bioenergy  industries[19,31].  Using  these  under  used  biomass
resources  avoids  additional  land  cultivation  demands  while
creating  value  from  materials  destined  for  disposal,  open
burning or environmental liabilities.

However,  waste  biomass  feedstocks  often  have  high  moisture
content, dispersed availability across landscapes, heterogeneous
soil  or  rock  contamination  compositions  and  variable
qualities[32].  These  factors  can  increase  biochar  production
costs  through  demands  for  extensive  preprocessing,  such  as
dewatering,  densification  and  screening,  and  higher
transportation  requirements  for  centralized  pyrolysis
facilities[33].  Contaminants  such  as  heavy  metals  and  salts
concentrated  during  pyrolysis  represent  a  risk  for  degrading
biochar  properties  if  feedstocks  are  not  carefully  selected  and
blended.

Alternatively,  cleaner  and  more  uniform  woody  biomass,
including  forestry  residues  and  orchard  trimmings,  or
dedicated  energy  crops  circumvent  many  of  these  challenges
but compete against other higher-value commodity markets for
pulp,  paper,  lumber  and  bioenergy  sectors[32,34,35].
Deforestation  or  displacing  food  crop  production  with
bioenergy plantations intended solely for biochar manufacture
could  undermine  carbon  sequestration  and  food  security
objectives if not sustainably implemented[36].

According  to  Vochozka  et  al.[33],  blending  various  residual
feedstock  streams  in  optimized  ratios  synthesizes  advantages
while mitigating the downsides of single-source inputs. Mixing
high- and  low-nutrient  biomass  adjusts  biochar  nutrient

profiles for different applications[37]. Clean, woody inputs with
contaminated  organic  wastes  can  dilute  heavy  metal
concentrations.  Balanced  feedstock  selection,  preprocessing
and production configurations  (distributed or  centralized)  are
important systems-level design considerations.

Other  critical  feedstock  criteria  include  energy  density,  ash
content,  fixed carbon levels and bio-oil  or syngas (also known
as synthesis gas) co-product potentials, collectively influencing
the pyrolysis behavior, scalability and economic viability of an
integrated  biochar  system.  Comprehensive  analytical
characterization of feedstocks helps match ideal biomass inputs
to  custom  biochar  applications.  However,  in  most  cases,
strategically  leveraging  affordable,  locally  abundant  residues
while  avoiding  biomass  cultivation  for  biochar  alone  offers
economic  feasibility  and  environmental  sustainability
advantages[28].
 

2.2    Pyrolysis process
The  pyrolysis  process  transforms  renewable  organic  matter
into  a  stable  form of  carbon  that  can  improve  soil  health  and
fertility  while  sequestering  carbon[38].  Pyrolysis  is  the
thermochemical decomposition of organic material at elevated
temperatures  between  350  and  550  °C[39,40].  The  biomass
feedstock  is  loaded  into  a  pyrolysis  reactor  for  biochar
production  and  then  heated  to  temperatures  typically  ranging
from  700  to  800  °C[39].  As  the  biomass  is  heated,  volatile
compounds  are  driven  off,  leaving  behind  a  carbon-rich  solid
material  that  is  the  biochar  product[38].  The  pyrolysis  process
transforms the organic compounds in the biomass into bio-oil
and syngas as byproducts in addition to the biochar[41].

The  specific  temperatures  and  heating  rates  used  depend  on
the  desired  qualities  of  the  output  biochar.  Lower  process
temperatures  around  300–500  °C  favor  a  higher  biochar  yield
whereas  temperatures  above  700°C  increase  biochar  carbon
content[42].  Slow  pyrolysis  with  longer  solid  and  vapor
residence  times  yields  higher  biochar  yields.  In  contrast,  fast
pyrolysis  with  short  vapor  residence  times  favors  bio-oil
production  over  biochar  formation[41,43–45].  Various  reactor
configurations can be used to control pyrolysis parameters.

Biochar  is  produced  through  pyrolysis,  which  thermally
decomposes  organic  biomass  feedstocks  in  an  oxygen-limited
environment. Key process factors such as temperature, heating
rate,  vapor  residence  time  and  feedstock  selection  determine
biochar  yields  and  properties.  Optimizing  these  parameters
allows  the  production  of  customized  biochars  for  specific  soil
enhancement and carbon sequestration applications. 
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2.3    Pyrolysis stages for biochar production
Controlling the stages of pyrolysis is critical for obtaining high
yields  of  quality  biochar  suitable  for  applications  such  as
agriculture,  carbon  sequestration  and  environmental
remediation. Figure 1 shows  the  stages  of  pyrolysis  from  the
moisture  removal  process,  torrefaction,  exothermic  pyrolysis,
endothermic pyrolysis and gasification processes.
 

2.3.1    Moisture removal (drying)
The  first  crucial  stage  when  pyrolyzing  biomass  is  drying,
conditioning  or  dewatering  the  feedstock[46,47].  Most  raw
biomass  sources,  such  as  forestry  wastes,  agricultural  residues
and  energy  crops,  contain  relatively  high  moisture  levels
ranging  from  40%  to  60%  wet  when  freshly  harvested[48].
However,  according  to  Bridgwater[47],  for  efficient  and
optimized  pyrolysis  reactions,  the  moisture  content  must  be
substantially reduced to about 15% or lower before the thermal
decomposition  process.  The  naturally  high  moisture  levels
present  in  raw  biomass  feedstocks  pose  several  challenges.
First,  the  excess  water  lowers  the  overall  energy  content  and
calorific  value  of  the  biomass,  making  it  less  suitable  as  a  fuel
source.  Second,  the  high  moisture  complicates  biomass
handling,  transportation  and  storage  due  to  increased  weight,
potential  for  microbial  degradation  and  other  stability
issues[49].

To  address  these  challenges,  techniques,  such  as  conditioning
or  dewatering  and  drying,  are  used  to  eliminate  excess  water
from  the  biomass,  raising  its  energy  density,  improving  its
stability and making it  more amenable for pyrolysis[47,48].  The
drying  process  involves  heating  the  biomass  to  temperatures
above  100  °C,  which  causes  the  vaporization  and  removal  of
most of the free or unbound moisture[47]. In addition to drying,
an essential part of the conditioning process is the softening or
torrefaction  stage,  typically  around  150  °C.  During  this  stage,
the  dried  biomass  becomes  more  brittle  and  undergoes  mild
pyrolysis,  releasing  chemically  bound  water,  trace  amounts  of
carbon  dioxide,  volatile  organic  compounds  and  aromatic
carbon compounds[38,50].

Removing  moisture  from  biomass  is  energy-intensive,
consuming  a  significant  portion  of  the  energy  required  for
pyrolysis.  Therefore,  it  is  generally  recommended  to  dry  the
biomass  to  moderate  moisture  levels  between  15%  and  20%
before  proceeding  with  pyrolysis  to  balance  sufficient  drying
and  minimize  energy  demands[47,49].  Well-dried  and  properly
conditioned  biomass  feedstocks  with  low  moisture  levels  lead
to  higher  biochar  yields  and  improved  quality  during  the
subsequent  pyrolysis  stage.  In  summary,  the  drying  and
conditioning  steps  are  essential  preprocessing  operations  that
ensure  the  biomass  is  optimal  for  efficient  and  productive
pyrolysis  by  reducing  moisture  content,  increasing  energy
density and improving overall stability and reactivity. 

 

 
Fig. 1    Pyrolysis stages during biochar production.
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2.3.2    Torrefaction
The  following  key  stage  in  biomass  pyrolysis  is  torrefaction,
which occurs  at  temperatures  approximately  between 200 and
280  °C.  Torrefaction  is  a  mild  thermochemical  pretreatment
process  designed  to  reduce  the  moisture  and  volatile  matter
contents  of  the  biomass  feedstock  before  the  main  pyrolysis
stage. This endothermic stage requires an external heat input to
raise the temperature of the biomass sufficiently high to initiate
the breakdown of the hemicellulose and cellulose components,
which  are  two  of  the  three  major  polymeric  constituents  of
lignocellulose biomass[49,51].

During  torrefaction,  the  biomass  undergoes  partial
decomposition  through  dehydration  and  depolymerization
reactions involving the cleavage of weaker hydrogen, hydroxyl
and  ether  bonds.  This  results  in  the  liberation  of  various
oxygenated  organic  volatiles  such  as  methanol,  acetic  acid,
carbon dioxide and carbon monoxide[47,51]. These condensable
gases  can  have  value-added  applications,  such  as  producing
smoke flavors for food or generating wood vinegar[52].

A  vital  outcome  of  the  torrefaction  process  is  that  the  treated
biomass  develops  increased  brittleness  and  grindability  and
improved  resistance  to  biological  degradation  and  moisture
reabsorption. This is attributed to the partial decomposition of
the  hemicellulose  fraction,  which  acts  as  a  binder  in  the
biomass  structure.  Consequently,  the  energy  requirements  for
subsequent  grinding  and  milling  operations  are  substantially
lower than those for raw, untreated biomass[49].

Torrefaction  can  be  considered  a  relatively  mild  form  of
pyrolysis. It serves as a crucial intermediate step that dries and
partially  decomposes  the  biomass,  preparing  it  for  the
subsequent  higher-temperature  pyrolysis  stage,  where  the
remaining  solid  undergoes  further  extensive  thermal
decomposition  and  devolatilization[47,53].  Removing  a  portion
of  the  moisture  and  volatile  matter  during  torrefaction
increases the energy density and calorific value of the biomass,
making  it  a  more  concentrated  and  consistent  fuel  source  for
the main pyrolysis reactor.
 

2.3.3    Exothermic pyrolysis
The  next  critical  stage  in  the  biomass  pyrolysis  process  is  the
exothermic  phase,  which  occurs  over  a  temperature  range  of
250–500  °C[47,52,54].  During  this  stage,  the  biomass  polymeric
structures  undergo  more  extensive  chemical  decomposition
through  the  thermal  scission  and  cleavage  of  the  stronger
carbon-carbon  bonds  in  the  remaining  cellulose  and  lignin
fractions[51].

As  these  thermal  decomposition  reactions  progress,  a  wide
range of gaseous products, including methane, carbon dioxide,
carbon  monoxide,  hydrogen  and  other  condensable  organic
vapors,  evolved  from  the  solid  biomass  matrix[47,52].
Significantly, the exothermic pyrolysis stage is characterized by
releasing  substantial  amounts  of  heat  as  the  volatile
compounds are liberated from the solid biomass particles. This
heat  generation  makes  the  process  largely  self-sustaining
regarding energy requirements once initiated[52].

The  extensive  devolatilization  and  thermal  cracking  reactions
that  occur  during  exothermic  pyrolysis  result  in  a  significant
portion of the original biomass feedstock being converted into
gaseous  products,  condensable  vapors  and  a  solid
carbonaceous residue known as biochar[54,55]. Despite the self-
heating  nature  of  the  reactions,  some  heat  loss  is  inevitable,
necessitating  external  heat  input  to  maintain  the  optimal
temperature range for efficient pyrolysis[47,51].

The  biochar  produced  during  this  stage  is  a  carbon-rich  solid
fuel enriched in fixed carbon content compared to the original
biomass. However, it retains some residual volatile matter and
a  low  mineral  ash  content[53,54].  Notably,  the  highest  rates  of
biochar  production  occur  toward  the  latter  stages  of  the
exothermic  phase,  just  before  the  temperature  ramps  up
further into the next phase[47,52].
 

2.3.4    Endothermic pyrolysis
As the biomass pyrolysis process transitions past temperatures
of  500  °C  into  the  higher  range  of  550–650  °C,  it  enters  the
endothermic  phase[47,52,54].  Unlike  the  preceding  exothermic
stage,  this  high-temperature  regime  requires  substantial
external  heat  input  as  the  decomposition  rate  and  associated
heat release decline from its earlier peak[51].

At  this  stage,  the  residual  biochar  produced  from  the  initial
lower-temperature  pyrolysis  retains  an  appreciable  amount  of
volatile  matter  trapped within its  porous structure,  along with
some residual ash minerals and occluded tars[54,55]. The further
application  of  heat  during  the  endothermic  phase  enables  the
cracking  and  devolatilization  of  these  remaining  volatile
components  to  produce  additional  gaseous  and vapor  species,
leaving  behind  a  highly  carbonaceous  and  purified  char
residue[47,52].

Temperatures  around  600  °C  are  typically  used  during  the
endothermic  pyrolysis  stage  to  facilitate  these  high-
temperature  cracking and devolatilization reactions.  However,
maintaining  elevated  temperatures  requires  substantial  energy
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inputs in the external  heat  supply[52,54].  The high-temperature
treatment  reduces  the  volatile  content  of  biochar  to  around
12% of its initial mass[56].

Although  biochar  yields  tend  to  decline  during  this
endothermic stage compared to the previous exothermic phase,
the  purified  char  product  generated  is  characterized  by  an
enriched surface area, high fixed carbon content and enhanced
carbon  sequestration  potential[54].  These  desirable  properties
result  from  the  extensive  devolatilization  and  aromatization
reactions at higher pyrolysis temperatures.

However,  the  slow  endothermic  decomposition  stage  requires
careful  control  and  monitoring  to  optimize  the  biochar
properties  effectively.  Factors  such  as  heating  rate,
temperature,  residence time and atmospheric conditions must
be  precisely  regulated  to  achieve  the  desired  characteristics  in
the final biochar product[47,52].
 

2.3.5    Activation and gasification processes
The  final  stage  of  the  biomass  pyrolysis  process  consists  of
activation  and  gasification  pathways,  which  emerge  at
temperatures  above  600  °C[47,52].  At  this  elevated  temperature
regime,  the  introduction  of  a  controlled  amount  of  oxidizing
agents  such  as  air,  oxygen  or  steam  enables  a  secondary
reaction  stage  that  facilitates  the  release  of  any  remaining
volatile matter from the biochar structure and further develops
its  porous  characteristics  through  a  process  known  as
activation[57–59].

During  activation,  the  oxidizing  agents  selectively  etch  away
specific  carbon  structures  within  the  biochar  matrix,  creating
new  micropores  and  exposing  active  sites  on  the  biochar
surfaces.  This porosity development and active site generation
significantly enhance the adsorbent and catalytic capabilities of
biochar[58].  However,  it  is  necessary  to  note  that  the  biochar
yields  tend  to  drop  substantially  during  this  activation  and
gasification  stage,  as  a  significant  portion  of  the  remaining
mass is lost due to the oxidative etching process[47,52].

As  the  temperatures  rise  further,  approaching  and  exceeding
800  °C,  oxygen  facilitates  the  complete  breakdown  and
gasification  of  any  residual  volatile  matter  into  syngas  and
other  gaseous  byproducts[52].  The  remaining  solid  residue  at
the end of this high-temperature gasification process is a highly
activated  and  porous  biochar  material,  representing  only  a
fraction of the initial biomass feedstock.

Despite the lower yields, the biochar produced during this final

stage  has  a  highly  developed  porous  structure,  large  surface
area  and  abundant  active  adsorption  sites,  making  it  well-
suited  for  various  environmental  and  filtration
applications[55,57–59].  By  carefully  controlling  the  process
conditions,  such  as  temperature,  oxidant  flow  rates  and
residence  times,  it  is  possible  to  modify  the  properties  of  the
final biochar product to meet specific requirements, whether it
is  intended  for  soil  enhancement  and  carbon sequestration  or
use  as  an  adsorbent  material  in  environmental  remediation
applications[47,52,58].

Understanding and controlling the stages of pyrolysis through
drying,  torrefaction,  low-temperature  exothermic
decomposition,  endothermic  high-temperature  pyrolysis  and
finally,  activation  or  gasification  enables  the  production  of
biochar suited for different purposes.  Although high-yield soil
enhancement biochar can be generated rapidly around 500 °C
under  faster  pyrolysis  rates,  optimizing  advanced  adsorbent
properties  needs  precise  control  through  slow  endothermic
pyrolysis  combined  with  activation.  Preprocessing  techniques
such  as  pelletizing  biomass  can  also  aid  the  handling  and
uniformity  of  feedstocks.  Pyrolysis  offers  a  flexible  process  to
take waste biomass and generate valuable biochar resources by
targeting key thermal decomposition stages.
 

3    Biochar product distribution and
properties
  

3.1    Causes affecting biochar production
Biochar production is  influenced by various factors that  affect
process  quality,  yield  and  efficiency.  These  factors  are  crucial
for  optimizing  biochar  production  and  effectively  harnessing
its  benefits.  Feedstock  selection,  pyrolysis  process  parameters,
feedstock  particle  size,  feedstock  moisture  content,  pyrolysis
atmosphere, reactor design, and quenching and postprocessing
treatments  are  vital  factors  influencing biochar  production,  as
given in Table 1.

Feedstock  selection  is  vital,  as  different  biomass  sources  have
varying  chemical  compositions  and  structural  properties  that
impact  the  biochar  yield  and  characteristics[60,61,74].  The
pyrolysis  process  parameters,  including  heating  rate,
temperature and residence time, significantly affect the biochar
yield and quality[51,54–56,61].  Feedstock particle size affects heat
transfer  and  reaction  kinetics,  with  smaller  particles  yielding
faster pyrolysis rates[46,63,75].
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Feedstock moisture content is another critical factor, as higher
moisture content requires more energy for drying and can lead
to lower biochar yields[51].  The pyrolysis  atmosphere,  whether
inert,  oxidative  or  reducing,  can  significantly  impact  the
chemical  composition  and  surface  area  of  the  resulting
biochar[61,76–78].

Reactor  design,  including  size,  shape  and  heating  method,
affects  the  efficiency  of  the  process,  and  different  designs  are
suitable  for  various  scales  and  feedstock  types[47].  Quenching
and  postprocessing  treatments  can  influence  the  surface  area,
porosity  and  nutrient  retention  of  biochar,  and  modify  its
properties for specific applications[72].
 

3.2    Types of biochar production systems
Biochar production involves various technologies and systems,
each  with  unique  characteristics  and  applications.
Understanding  the  different  types  of  biochar  production
systems is crucial for optimizing biochar production processes
and harnessing their benefits effectively. Table 2 details various
biochar  production  systems,  ranging  from  small-scale,  batch-
type  units  to  large-scale,  continuous  reactors.  The  choice  of
production  system  depends  on  factors  such  as  the  scale  of
production,  the  feedstock  used  and  the  desired  properties  of
the biochar. By gaining insight into these systems, stakeholders
in the biochar industry can make informed decisions about the
most  suitable  production  methods  for  their  specific  needs
and goals.

 

Table 1    Factors affecting biochar production

Factors affecting biochar production Description Reference

Feedstock selection · Type and quality affect chemical composition and nutrient content [60,61]

Pyrolysis process · Temperature, heating rate, residence time influence yield and quality
· Higher temperatures and longer residences enhance biochar stability and carbon
  sequestration potential

[47,51,52,54–56,62]

Feedstock particle size · Size influences heat transfer and reaction kinetics
· Smaller particles yield faster pyrolysis

[46,63–65]

Feedstock moisture content · Higher moisture content requires more energy for drying
· Lower biochar yields

[51,66–68]

Pyrolysis atmosphere · Inert, oxidative, or reducing atmospheres affect chemical composition and surface area [40,69,70]

Reactor design · Size, shape and heating method affect efficiency
· Designs suit different scales and feedstock types

[47,71]

Quenching and postprocessing
treatment

· Impacts surface area, porosity and nutrient retention
· Proper quenching enhances quality for specific applications

[72,73]

 

 

Table 2    Types of biochar production system

Production system Description Reference

Batch pyrolysis systems · Process limited feedstock
· Require manual loading/unloading
· Suitable for small-scale production
· Could have lower efficiency/throughput compared to continuous systems

[40,46]

Continuous pyrolysis systems · Process larger feedstock quantities
· Offer higher efficiency and throughput
· Require sophisticated control systems

[47,73]

Gasification systems · Convert biomass feedstock into syngas
· Use as fuel or biochar processing
· Batch or continuous systems
· Ideal for producing biochar and other bioenergy products

[72,79]

Microwave pyrolysis systems · Use microwave radiation for faster, uniform heating
· Offer efficient, controlled biochar production

[40,46]

Slow pyrolysis systems · Operates at lower temperatures
· Longer residence times
· Ideal for soil amendment

[41,44,45]

Fast pyrolysis systems · Rapid heating of biomass to high temperatures without oxygen
· Unlike slow pyrolysis, it is designed to maximize bio-oil production
· Requires careful control of operating conditions to optimize bio-oil quality and minimize byproducts

[44,45]
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Table 3 provides  a  detailed  overview  of  different  pyrolysis
processes  and  their  corresponding  product  distributions,
highlighting  the  versatility  of  thermochemical  conversion
technologies.  Slow  pyrolysis,  with  low  heating  rates  and
moderate temperatures, produces solid biochar as the primary
output, accounting for 35% of the product distribution. It also
generates  liquid  bio-oil  (30%)  and  syngas  (35%),  offering
opportunities  for  co-product  valorization  and  integrated
biorefineries[41,44,45].  Fast  pyrolysis,  with  rapid  heating  rates
and  short  vapor  residence  times,  maximizes  liquid  bio-oil
yields,  reaching  up  to  75%  of  the  product  stream[44,45].
According  to  Hornung[53],  intermediate  pyrolysis  balances
these  processes,  resulting  in  a  relatively  even  distribution  of
products:  50%  liquid  bio-oil,  25%  syngas,  and  25%  solid
biochar.  Gasification,  operating  at  higher  temperatures  and
longer  residence  times,  prioritizes  syngas  production,
accounting for 85% of the product distribution[43]. This process
is crucial for generating renewable energy, and the synthesis of
gas  for  chemical  production  and  hydrogen  for  various
applications.
 

3.3    Properties of biochar
The physical, chemical and biological properties of biochar are
crucial  in  determining  its  effectiveness  and  suitability  for
various applications. Figure 2 shows the physical and chemical
properties of biochar.
 

3.3.1    Physical properties
The physical properties of the resulting biochar are influenced
by  critical  parameters  in  production,  including  choice  of
particle  size,  pore  structure,  surface  area,  density,  ash  content
and  conductance[63,65,80].  These  physical  attributes,  in  turn,
directly  impact  the  potential  applications  for  biochar.
Understanding  and  controlling  these  physical  properties  is
crucial  for  maximizing  the  benefits  of  biochar  in  various

environmental  and  agricultural  applications. Table 4 presents
the physical properties of biochar.

The  diverse  physical  properties  of  biochar  suit  different  soil,
agricultural,  environmental  and  industrial  uses.  Determining
appropriate  production  conditions  and  treatments  to  achieve
target particle size, pore distribution, surface area, density, ash
content,  and  conductance  maximizes  the  effectiveness  of
tailored biochar formulations.
 

3.3.2    Chemical properties
Beyond  its  physical  attributes,  biochar  has  unique  chemical
characteristics  that  determine  its  potential  applications  in
carbon  sequestration,  soil  enhancement  and  contaminant
remediation[38].  Basic  chemical  properties  include  pH,  which
typically  ranges  from  neutral  to  alkaline  due  to  the

 

Table 3    Pyrolysis processes and product distribution

Process Heating rate
(°C·min−1)

Temperature
(°C) Residence time

Products
ReferenceLiquid (bio-oil)

(%)
Gas (syngas)

(%)
Solid (biochar)

(%)
Low pyrolysis 1–20 100–1000 Long residence time

(mins–days)
30 35 35 [43,45,53]

Intermediate pyrolysis 100–500 500 Moderate (10–20 s) 50 25 25 [43,45,53]

Fast pyrolysis > 300 300–1000 Short (< 2 s) 75 13 12 [43,45,53]

Gasification 2–100 > 800 Moderate (10–20 s) 5 85 10 [43,44]

 

 

 
Fig. 2    Physical and chemical properties of biochar.
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concentration  of  essential  minerals  during  pyrolysis[40] cation
exchange capacity (CEC), with wood biochars ranging from 20
to  90  mol·kg−1 due  to  increased  surface  area  from  high-
temperature pyrolysis[85] elemental composition rich in carbon
(50% to 90%) with decreasing oxygen and hydrogen at  higher
temperatures[80] surface  functional  groups,  including  carboxyl
and phenolic  groups,  that  impart  hydrophilicity and reactivity
while  contributing  to  alkalinity[82] and  potential  for
polyaromatic  hydrocarbon  formation  during  partial
combustion,  which  can  be  minimized  through  proper
production  controls[86,87].  These  chemical  features  interact
with  the  physical  structure  of  biochar  to  influence  nutrient
availability,  microbial  interactions,  contaminant  sorption  and
overall  performance  in  various  environmental  and  industrial
applications. Table 5 details the chemical properties of biochar.

The various  chemical  characteristics  of  biochars,  such as  their
alkalinity  or  acidity,  surface  functionality,  ability  to  exchange
cations  and  anions,  elemental  composition  and  presence  of
polyaromatic  hydrocarbons,  underlie  their  distinctive
interactions  with  soils,  waste  effluents,  decomposing  biomass
and agricultural environments.
 

4    Nanocomposites in wastewater
treatment
 
Clean  water  is  essential  for  life  and  vital  to  public  health,
industrial  processes  and  agriculture.  However,  the  growing
human population and increasing industrialization have led to
a  significant  rise  in  wastewater  generation.  Contaminated
wastewater  can  contain  harmful  pollutants,  including
pathogens,  heavy  metals,  organic  compounds  and
pharmaceuticals[1,90,91].  These  pollutants  seriously  threaten
human health and the environment if not adequately treated.

Conventional  wastewater  treatment  methods,  such  as
sedimentation,  coagulation,  filtration and biological  treatment
processes,  efficiently  eliminate  a  broad  spectrum  of
contaminants[92,93].  However,  they  often  struggle  to  remove
emerging  pollutants,  such  as  pharmaceuticals  and
microplastics,  which  can  be  energy-intensive  or  generate
significant  quantities  of  sludge  that  require  further
treatment[1,4].

Using  nanocomposites  has  become  a  viable  strategy  for

 

Table 4    Physical properties of biochar

Physical property Description Reference

Particle size distribution · Depends on initial biomass feedstock properties and postpyrolysis reduction
· Smaller particles for soil amendments: greater surface area interaction
· Larger particles improve soil aeration and drainage
· Particle sizes tailored to the application maximize effectiveness

[41,63]

Pore structure · Pore structure provides channels for water, gases, nutrients and soil microbes retention
· Higher pyrolysis temperatures increase porosity
· Fast pyrolysis conditions preserve pore structure
· Pore structure depends on feedstock and production parameters

[44,45,80]

Surface area · Biochar surface area relates to accessibility to pores for adsorption of water, nutrients, pollutants, or soil
  organic matter
· As pyrolysis temperature rises, surface area increases due to porosity development, reaching maximums
  around 600 °C
· High surface area biochars aid environmental remediation, lower surface areas reduce nutrient retention

[32,81,82]

Particle density · Bulk material density is crucial for handling and processing facilities
· Biochar energy density increases with treatment temperature
· Biochar particle density ranges from 1.2 to 1.8 g·cm−3, decreasing with pyrolysis temperature
· Lower density improves soil aeration, higher density enhances water retention
· Density influences biochar application rates

[81]

Ash content · Influences potential uses based on quantity and nature of inorganic substances
· High ash concentration can hinder high-grade industrial applications
· Ash-related issues during thermochemical conversion of biomass can be exacerbated
· Ash content is determined by the type of biomass and harvesting methods
· Woody feedstocks have lower ash contents (1% to 5%) than manures, biosolids, or waste biomass (10% to
  80% ash)
· Nutrient value relates to ash composition

[41,80]

Electrical conductivity · Varieties from 5 to 20 dS·m−1

· Based on concentration and composition of inorganic minerals postpyrolysis
· Salt enrichment and lime activation increase conductivity
· High conductivity aids electromagnetic applications

[81,83,84]
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overcoming these obstacles and improving the effectiveness of
wastewater  treatment.  Materials  made  up  of  two  or  more
phases, at least one of which has a dimension in the nanoscale
(1–100  nm),  are  called  nanocomposites[94,95].  Typically,
nanocomposites in the wastewater treatment context are made
of  a  polymeric  matrix  with  nanoparticles  incorporated,  which
helps  decrease  the  antimicrobial  effectiveness  of
catalyzing[96,97].

In  recent  years,  there  has  been  an  increasing  interest  in
developing  more  sustainable  and  efficient  methods  for
wastewater  treatment.  Nanomaterials  have  appeared  as  a
promising  approach  for  wastewater  remediation  due  to  their
unique  properties,  including  high  surface  area,  porosity  and
reactivity[19,38,96,98,99].  BNCs,  which  combine  biochar  with
nanoparticles,  represent  a  particularly  attractive  class  of
nanomaterials for wastewater treatment applications.
 

4.1    Role of nanocomposites in enhancing
wastewater treatment efficiency
Wastewater treatment is crucial for protecting the environment
and  human  health  by  removing  contaminants  and  pollutants
from  various  sources,  including  industrial,  municipal  and
agricultural  discharges[100,101].  Traditional  wastewater

treatment  methods,  such  as  physical  and  chemical  processes,
have  been  widely  used  but  often  face  limitations  regarding
efficiency,  economic,  sociology  and  environmental
impact[19,58,97,99,102].  In  recent  years,  the  application  of
nanotechnology in wastewater treatment has gained significant
attention  due  to  its  potential  to  enhance  treatment  efficiency
and  address  the  challenges  associated  with  conventional
methods[97,103,104].

Nanocomposites,  composed  of  a  matrix  and  nanoscale
reinforcements,  have  arisen  as  promising  for  improving
wastewater  treatment  processes[100,105,106].  These
nanocomposites  have unique properties,  such as  high surface-
to-volume  ratios,  enhanced  reactivity  and  tailored  surface
functionalities,  which  make  them  attractive  for  various
wastewater treatment applications[100,107].

One  of  the  primary  roles  of  nanocomposites  in  wastewater
treatment  is  their  ability  to  eliminate  various  contaminants,
including  heavy  metals,  organic  pollutants,  dyes  and
pathogens[93].  Nanocomposites  can  effectively  adsorb  and
immobilize  these  contaminants  through  various  mechanisms,
such  as  electrostatic  interactions,  complexation  and  redox
reactions[93,108].  Additionally,  nanocomposites  can  catalyze
chemical  reactions  that  degrade  or  transform  pollutants  into
less harmful compounds[106].

 

Table 5    Chemical properties of biochar

Chemical property Description Reference

pH · Biochar pH depends on feedstock and production conditions
· pH ranges from neutral to alkaline, 5 to 7.5
· Pyrolysis concentrates minerals, increasing alkalinity
· Hardwoods and nutshells produce more alkaline biochars
· pH affects nutrient availability, microbial ecology and contaminant interactions

[60,86]

Cation exchange capacity · CEC indicates cation retention capacity
· High temperature pyrolysis increases pore development, enhancing cation exchange surface area
· Nutrient-rich manure feedstocks yield biochars with abundant anion exchange capacity

[85,87]

Elemental composition · Enhances elemental carbon content
· Increases inorganic ash components
· Biochars: 50% to 90% carbon, balance of oxygen and hydrogen
· Nutrient composition varies with feedstock

[80,88]

Surface functional groups · Oxygen-containing functional groups including carboxyl, phenolic and lactonic groups enhance
  hydrophilicity and reactivity
· Carbonization, a heat degradation process, removes functional groups and releases oxygen and
  hydrogen
· Biochar with low H/C ratios have more aromatic structures and fewer functional groups
· Functional groups serve as sites for adsorption, microbial ecology and contaminant interactions
· Alkalinity of biochar affects its capacity to counteract soil acids
· Alkalinity can be categorized into organic functional groups surface, soluble organic compounds,
  carbonate and inorganic alkalis
· Higher treatment temperatures result in elevated alkalinity

[82,89]

Polyaromatic hydrocarbons · Partial pyrolytic combustion and toxic polyaromatic hydrocarbons
· High pyrolysis temperatures and slow heating reduce polyaromatic hydrocarbon formation
· Monitoring based on applications is crucial

[43–45,86]
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Also,  nanocomposites  can  improve  the  efficiency  of  existing
wastewater  treatment  processes.  For  example,  incorporating
nanocomposites into membrane filtration systems can improve
permeability,  fouling  resistance  and  selectivity,  resulting  in
more  efficient  separation  and  purification  of  water[106,108].
Nanocomposites can also be used as catalysts or adsorbents in
advanced  oxidation  processes  (AOPs),  which  encompass  the
generation  of  highly  reactive  oxidizing  species  (ROS)  for  the
degradation of organic pollutants[106,108,109].

Another  significant  advantage  of  nanocomposites  in
wastewater  treatment  is  their  potential  for  catalytic  reusability
and regeneration. Many nanocomposites are quickly recovered
and reused multiple times,  reducing the overall  economic and
environmental impact of the treatment process[106,107,110].
 

4.2    Nanocomposites used in wastewater treatment
Several nanocomposites are used in wastewater treatment, each
with  unique  properties  and  applications.  Some  common
types  are  carbon-based  nanocomposites,  metal-based
nanocomposites,  polymer-based  nanocomposites  and  hybrid
nanocomposites.

Carbon-based  nanocomposites  are  typically  formed  by
combining two or more solid phases[83]. These nanocomposites
display  exceptional  properties,  including  significantly
improved  toughness,  mechanical  strength  and  thermal  or
electrochemical conductivity. Research has shown carbon base
nanocomposites,  such  as  carbon  nanotubes  and  graphene
oxide,  can  be  used  in  wastewater  treatment  due  to  their  high
surface  area  and  adsorption  capacity[83,111–113].  Activated
carbon  and  biochar  benefit  water  treatment  due  to  their
absorption  capacities  and  prosperity[90,114,115].  These
nanocomposites  can  effectively  remove  heavy  metals,  organic
pollutants and dyes from wastewater. The type and application
of carbon-based nanocomposites are given in Table 6.

In  addition,  metal-polymer  nanocomposites  represent  an
advanced material category characterized by a synergistic blend
of  metal  nanoparticles  and  polymer  matrices[116,117].  The
selection  of  specific  metals  and  polymers  influences  the  range
of  properties  of  nanocomposites,  such  as  iron  oxide
nanoparticles  and  silver  nanoparticles,  which  show
antimicrobial  properties  and  catalytic  activity,  effectively
removing  organic  pollutants  and  pathogens  from
wastewater[117].  Polymer-based  nanocomposites,  such  as
polymer-clay  nanocomposites  and  polymer-metal  oxide
nanocomposites, are used in wastewater treatment for their dye
adsorption capacity, mechanical strength and permeability[110].
These  nanocomposites  can  effectively  remove  organic
pollutants  and  heavy  metals  from  wastewater.  Hybrid
nanocomposites  combine  two  or  more  types  of  nanoparticles
to  create  materials  with  enhanced  properties.  Hybrid
nanocomposites  are  used  in  wastewater  treatment  for  their
synergistic effects, which can improve treatment efficiency and
reduce costs.

Nanocomposites  can  enhance  wastewater  treatment  efficiency
by  increasing  the  adsorption  capacity,  selectively  adsorbing
contaminants,  providing  catalytic  activity  and  allowing  for
regeneration  and  reuse.  These  nanocomposites  offer  an
economical  and  sustainable  solution  for  improving  treated
water quality and protecting the environment[106,107,110].
 

4.3    Biochar-based nanocomposites for wastewater
treatment
Nanomaterials  in  a  biochar  matrix  are  a  promising  approach
for wastewater remediation as their unique properties, such as
porosity,  tailored functionalities,  high surface area and unique
physicochemical  properties  of  nanomaterials,  can enhance the
adsorption  and  catalytic  capabilities  of  BNCs[57,58,102,107,110].
Also, the synergistic effects between biochar and nanomaterials
can  improve  selectivity  and  specificity  toward  target
pollutants[101]. The tailored surface functionalities of BNCs can

 

Table 6    Types of carbon-based nanocomposites

Nanocomposite Description Application Reference

Carbon nanotubes Cylindrical structures made of carbon
atoms

Widely used in wastewater treatment due to their high surface area
and adsorption capacity

[83,84]

Graphene oxide Single-layered sheet of carbon atoms Effective in removing heavy metals, organic pollutants and dyes
from wastewater

[111,112]

Activated carbon Carbon material processed to have high
porosity and surface area

Used in wastewater treatment for its adsorption properties [90]

Biochar Charcoal-like material produced from
biomass

Used in wastewater treatment for its adsorption capacity and
environmental benefits

[114,115]
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facilitate  the  removal  of  an  extensive  range  of  contaminants,
including  organic  and  inorganic  pollutants,  heavy  metals  and
pathogens[101].

BNCs, a specific type of nanomaterial, are particularly suitable
for  wastewater  treatment  applications.  They  combine  the
beneficial  properties  of  biochar,  derived from pyrolyzed waste
biomass,  with  the  functionalities  of  nanoparticles,  resulting  in
enhanced performance.
 

4.3.1    Preparation of biochar-based nanocomposites
BNCs  represent  an  emerging  class  of  advanced  materials
synthesized  by  integrating  nanoscale  additives  into  porous
biochar  matrices[102,110].  The  choice  of  preparation  technique
significantly  influences  their  properties  and  performance,  and
interactions  between  constituent  components  within  the
nanocomposite  structure[57,58,110].  Several  synthesis  strategies
have  been  developed  and explored  for  fabricating  BNCs,  each
with their own advantages and disadvantages[57,58,102]. Figure 3
illustrates  the  preparation  methods  for  biochar-based
nanocomposites.
 

4.3.1.1    Pre-pyrolysis treatment
Pre-pyrolysis  treatment  is  a  sophisticated  technique  that
integrates  biochar  production  with  the  incorporation  of
nanomaterials,  offering  a  novel  approach  to  enhance  the

properties  of  BNCs[35,47].  Before  the  pyrolysis  process,  pre-
pyrolysis treatment methods are used on biomass feedstock to
improve  its  characteristics  and  elevate  the  quality  of  the
resultant  biochar.  These  methods  are  tailored  to  eliminate
impurities, amplify yield, improve the attributes of biochar and
expand  its  range  of  applications.  Pre-pyrolysis  impregnation
stands  out  for  its  effectiveness  in  synthesizing  BNCs that  host
metal  or  metal  oxide  nanoparticles.  Initially,  the  precursor
biomass is impregnated or blended with desired metal salts or
precursors,  which  are  then  subjected  to  pyrolysis  under
controlled  conditions.  During  this  process,  the  metal
precursors  undergo  thermal  decomposition  or  reduction,
forming  nanoparticles  entrenched  within  the  biochar
matrix[57,58].

The process begins with drying biomass feedstock to eliminate
moisture,  thereby  enhancing  the  pyrolysis  efficiency  and
preventing  the  formation  of  undesirable  byproducts  such  as
tar.  Since  biomass  is  often  too  large  for  efficient  pyrolysis,
mechanical reduction techniques such as grinding or chopping
are used[19,99].  Subsequently, the biomass undergoes treatment
with  metal  oxide  salts  or  iron  ion  functional  nanoparticles
before  pyrolysis.  The  biomass  is  immersed  in  a  solution  of
desired  metal  salts  for  a  specific  duration  to  facilitate  the
attachment of metals to the surface of biochar. Following this,
the devolatilization process involves heating the biomass at low
temperatures to drive off volatile compounds such as water and

 

 
Fig. 3    Preparation methods of biochar-based nanocomposites.
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organic  solvents,  thereby  enhancing  pyrolysis  efficiency  and
minimizing  tar  formation.  Chemical  treatments  involving
inorganic  acids  (sulfuric  acid,  hydrochloric  acid,  phosphoric
acid and nitric acid), alkalis or solvents (sodium hydroxide and
potassium hydroxide) and inorganic salts (potassium carbonate
and  zinc  chloride)  can  be  used  to  refine  biomass,  thereby
removing  impurities,  enhancing  biochar  yield  and  altering  its
properties[19,99].

Torrefaction,  a  mild  pyrolysis  process  conducted  at
temperatures between 200 and 300 °C in an inert atmosphere,
enhances  biomass  energy  density  and  stability,  rendering  it
more suitable for transport and storage[70].

During the devolatilization and torrefaction processes, biomass
is converted into char. In contrast, the attached metal ions are
converted  into  nanometal  oxides  or  hydroxides,  forming  a
biomass  matrix  with  embedded  metal  ions  and  a  biochar
nanocomposite.  Another  notable  technique,  hydrothermal
carbonization,  involves  converting  biomass  into  biochar
through  heating  in  a  pressurized  aqueous  environment,
thereby  improving  its  properties  and  reducing  ash  content.
Biomass  efficacy  and  selectivity  in  pyrolysis  can  be  further
enhanced  through  steam  explosion  techniques,  microwave-
assisted  pyrolysis  and  ultrasonic  pretreatment.  Combining
different pretreatment methods can be a strategic approach to
achieving  specific  goals,  including  enhancing  biochar  yield,
quality and properties[19,99].

These  pre-pyrolysis  treatment  methods  are  pivotal  role  for
influencing the quality and properties of biochar, making them
indispensable  considerations  in  producing  biochar  for  many
applications.
 

4.3.1.2    Postpyrolysis treatment
Post-pyrolysis  treatment  methods  are  vital  for  enhancing  the
properties  and  performance  of  biochar  for  wastewater
treatment  applications[58,102].  After  the  pyrolysis  process,
biochar  can  undergo  various  modifications  to  improve  its
porosity,  surface  area  and  chemical  composition,  making  it
more effective for removing pollutants from wastewater.

In  these  methods,  biochar  is  produced  through  the  normal
pyrolysis or gasification processes. Then nanomaterials, such as
metal  oxides  or  metal  salts,  are  introduced  onto  the  biochar
surface  through  techniques  including  wet  impregnation,
chemical  vapor  deposition  or  hydrothermal  synthesis[35,102].
These  treatments  can  enhance  the  adsorption  and  catalytic
properties of biochar for wastewater treatment applications.

According  to  Chausali  et  al.[35],  biochar  can  be  impregnated
with metal salt solutions, followed by drying and calcination, to
form metal  or  metal  oxide  nanoparticles  on  its  surface.  These
nanoparticles can act as catalysts for the degradation of organic
pollutants  or  facilitate  the  adsorption  of  heavy  metals  from
wastewater[118].  Alternatively,  chemical  vapor  deposition  can
deposit carbon-based nanomaterials, such as carbon nanotubes
or graphene, onto the biochar surface, enhancing its adsorption
capacity for organic contaminants[58].

Also,  treating  biochar  with  activating  agents,  including  steam,
carbon  dioxide,  or  chemicals  (e.g.,  potassium  hydroxide  and
phosphoric  acid),  increases  its  porosity  and  surface  area,
making it more effective for adsorption and catalysis processes
in wastewater treatment[31,100].

Chemical  modification  of  biochar  using  acids,  bases  or  other
chemicals  can  alter  its  surface  chemistry  and  enhance  its
functionality  for  specific  wastewater  treatment  applications,
such  as  heavy  metal  adsorption  or  removing  organic
pollutants[57]. Physical methods, including milling, sieving and
pelletizing,  can  also  modify  the  size,  shape  and  texture  of
biochar  particles,  improving  their  compatibility  with  different
wastewater  treatment systems[31].  Biochar surfaces  can also be
functionalized  with  various  functional  groups  (e.g.,  amino,
hydroxyl and carboxyl groups) to improve their reactivity and
selectivity  for  specific  adsorption  or  catalytic  reactions  in
wastewater treatment processes[35,102].

These  postpyrolysis  treatment  methods  can  significantly
enhance  the  properties  and  performance  of  biochar  for
wastewater  treatment  applications,  making  it  a  valuable  and
versatile  material  for  sustainable  water  resource
management[58,100].
 

4.3.1.3    Targeted element enrichment treatment
Targeted  element  enrichment  on  biochar-based
nanocomposites  involves  deliberately  incorporating  specific
elements into the biochar matrix to enhance its properties and
tailor  its  functionality  for  various  applications[102,103].  This
process  can  be  achieved  through  different  methods,  such  as
impregnation, ion exchange and co-precipitation[104].

Impregnation is  a  standard method where biochar is  enriched
with  desired  metal  elements  or  their  precursors,  allowing  for
the  absorption  of  these  elements  into  the  biochar
structure[101,104].  Ion  exchange  involves  the  exchange  of  ions
between  the  biochar  surface  and  a  solution  containing  the
target  elements,  leading  to  their  enrichment  on  the  biochar
surface[6,105].
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Targeted  element  enrichment  on  biochar-based
nanocomposites can significantly enhance their properties and
make  them  suitable  for  various  applications,  such  as
wastewater  treatment,  soil  remediation and catalysis[58,103].  By
controlling  the  type  and  number  of  elements  incorporated,
researchers  can  tailor  the  properties  of  biochar-based
nanocomposites  to  meet  specific  requirements  for  different
applications.

Similarly, enriching biochar with phosphorus or potassium can
enhance  its  effectiveness  as  a  soil  amendment  for  agricultural
applications[100].  These  elements  can  be  incorporated  into  the
biochar  matrix  through  ion  exchange  or  impregnation
methods,  leading  to  nanocomposites  that  release  nutrients
slowly, improving soil fertility and crop yield.

Targeted  element  enrichment  on  biochar-based
nanocomposites can also enhance their magnetic properties for
magnetic  separation  applications[105].  According  to  Tan
et  al.[57],  incorporating  iron  nanoparticles  into  the  biochar
matrix  can  enable  the  nanocomposite  to  be  easily  separated
from  water  using  a  magnet,  making  it  useful  for  water
treatment  and  environmental  remediation.  However,  the
targeted  element  enrichment  on  biochar-based
nanocomposites  offers  a  versatile  and  practical  approach  to
tailor the properties of biochar for a wide range of applications,
including  water  treatment,  soil  remediation,  catalysis  and
magnetic separation.

Table 7 highlights  the  key  benefits  and  challenges  of  each
treatment  method,  in  order  to  understand  their  suitability  for
different applications and contexts.

When  BNCs  are  combined  with  other  adsorbents,  such  as

activated  carbon  or  zeolites,  the  composite  material  benefits
from  a  broader  range  of  surface  functional  groups  and  pore
structures. This diversity enhances the adsorption capacity and
selectivity for various pollutants. For example, adding activated
carbon  can  improve  the  removal  of  organic  contaminants
through increased π–π interactions and hydrophobic effects.

Also,  integrating  BNCs  with  AOPs  such  as  photocatalysis  or
Fenton  reactions,  can  significantly  improve  the  kinetics  of
pollutant degradation. BNCs can serve as catalysts or supports,
facilitating  the  generation  of  ROS  that  rapidly  oxidize
contaminants[113].  For  example,  TiO2-modified  biochar  has
been  shown  to  enhance  the  photodegradation  of  dyes  under
UV light[106,108,109].
 

4.4    Properties and characteristics of biochar-based
nanocomposites
BNCs  have  received  greater  interest  due  to  their  unique
properties  and  characteristics,  particularly  in  wastewater
treatment[102,103]. These materials are formed by incorporating
nanomaterials  into  a  biochar  matrix,  resulting  in  enhanced
properties  that  make  them  highly  effective  in  various
applications[57,58].  Understanding  the  properties  and
characteristics  of  BNCs  is  essential  for  maximizing  their
potential in environmental remediation and other fields[6].

Characterization  of  biochar  is  crucial  for  assessing  its
effectiveness  in  pollutant  removal  and  other  applications.
Structural  and  elemental  analyses  help  predict  the
environmental  impact  of  biochar  and  its  interactions  with
pollutants[100].  The  pH-dependent  nature  of  biochar-metal
interactions  is  significant,  as  it  influences  both  the  functional

 

Table 7    Advantages and disadvantages of treatments for preparation methods of biochar-based nanocomposites

Treatment Advantage Disadvantage Reference

Pre-pyrolysis
treatment

· Enhances feedstock quality by removing contaminants
· Can improve biochar yield and quality
· Allows for the addition of valuable additives before
  pyrolysis

· Adds extra processing steps, increasing overall
  costs
· Could result in the loss of some beneficial volatiles
· Requires additional infrastructure and equipment

[19,35,47,99]

Post-pyrolysis
treatment

· Allows for modification of biochar properties after
  production (e.g., activation and doping)
· Can enhance specific functionalities including adsorption
  or nutrient retention
· Flexibility to tailor biochar to specific applications

· Increases complexity and cost of biochar
  production
· Could require additional processing facilities
· Potentially less effective if initial biochar
  properties are unsuitable

[31,35,101,102]

Targeted
element
enrichment
treatment

· Improves the ability of biochar to address specific
  environmental or agricultural needs (e.g., nutrient supply
  and heavy metal adsorption)
· Can increase the efficiency of biochar in targeted
  applications
· Tailored enhancements based on end-use requirements

· Potentially high cost and complexity in
  customizing biochar
· Could require precise control over processing
  conditions
· Risk of uneven distribution of added elements

[57,101,103–105]
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changes  of  biochar  and  the  speciation  of  metal
contaminants[103].  These  properties  highlight  the  efficacy  of
biochar as an adsorbent for soil contaminants[38,101].
 

4.4.1    High surface area and porosity
The most significant advantages of BNCs are high surface area
and  porosity,  originating  from  the  intrinsic  properties  of
biochar  and  the  incorporation  of  nanomaterials[38,103].  Their
ability  to  adsorb  pollutants  and facilitate  catalytic  reactions  in
wastewater  treatment  processes  is  greatly  enhanced  by  their
high  surface  area  and  porosity[96,97].  The  surface  area  of  a
material  is  crucial  for  its  reactivity  and  interaction  with  other
substances. BNCs have exceptionally high surface areas due to
the  intimate  integration  of  nanomaterials,  such  as  carbon
nanotubes,  graphene  or  metal  oxides[83,84].  These
nanomaterials  occupy  interstitial  spaces  within  the  biochar
matrix,  creating additional  external  surfaces.  A greater surface
area translates to higher adsorption capacities, making biochar-
based  nanocomposites  effective  in  water  purification  and  gas
storage applications.

BNCs  include  diverse  surface  functional  groups,  including
hydroxyl, carboxyl and carbonyl, that have a crucial impact on
adsorption.  These  groups  can  engage  with  adsorbates  via
hydrogen bonding, electrostatic interactions and van der Waals
forces.  Research suggests that the existence of these functional
groups  increases  the  attraction  of  BNCs  to  both  organic  and
inorganic contaminants. The adsorption capacity of BNCs can
be  significantly  increased  by  functionalization[101].  Treatment
with  acid  or  base  can  increase  the  number  of  active  sites.  In
contrast,  impregnation  with  metals  such  as  iron  and  zinc  can
improve  specific  adsorption  processes  including  ion  exchange
and complexation.

Biochar  owns  a  porous  structure  with  a  high  specific  surface
area,  typically  ranging  from  100  to  1000  m2·g−1[31,58].  Adding
nanomaterials,  such  as  carbon  nanotubes,  graphene,  or  metal
oxide  nanoparticles,  further  increases  the  surface  area  and
porosity  of  the  resulting  BNCs[102].  BNCs  can  adsorb  and
retain a widespread spectrum of pollutants ranging from heavy
metals  to  organic  contaminations  due  to  the  increased
availability of binding sites.

Porosity  is  closely  related  to  surface  area,  the  volume  of  void
spaces  within  a  material.  The  intrinsic  porosity  of  biochar  is
significantly uplifted when combined with nanomaterials. This
is because biochar is structurally porous and nanomaterials can
introduce  additional  nanopores.  This  enhanced  porosity
facilitates  the  diffusion  of  molecules  throughout  the  BNC

structure. In catalysis, this means improved access of reactants
to  catalytic  sites  and  efficient  removal  of  products[57].  This
improved  porosity  for  energy  storage  applications,  such  as
supercapacitors  and  batteries,  allows  more  room  for  ion
exchange and storage, which is imperative for device efficiency.

The  high  surface  area  and  porosity  of  BNCs  contribute  to
enhanced  adsorption  capacities  and  catalytic  activities,
effectively  removing  various  pollutants  from  wastewater[57].
Additionally,  the porous structure facilitates the transport and
diffusion  of  reactants  and  products  during  catalytic  reactions,
improving  the  inclusive  efficiency  of  BNCs  in  wastewater
treatment processes[103].
 

4.4.2    Tailored surface functionalities
BNCs  can  tailor  their  surface  functionalities  by  incorporating
different  types  of  nanomaterials  or  functional  groups[102,119].
These  can  include  chemical  functionalization,  physical
treatments  and  the  incorporation  of  nanoparticles.  Chemical
functionalization can introduce specific functional groups onto
the  biochar  surface  to  enhance  its  reactivity  and  interaction
with  other  materials.  According  to  Tan  et  al.[58] and  Kant
Bhatia  et  al.[120],  incorporating  metal  or  metal  oxide
nanoparticles  can  give  catalytic  properties  to  the  BNCs,
enabling  them  to  catalyze  various  reactions  for  pollutant
degradation or transformation.

Additionally,  the  surface  functionalization  of  BNCs  with
specific  functional  groups,  such  as  amine,  carboxyl  or  thiol
groups, can enhance their selectivity and affinity toward certain
types  of  pollutants[103,120].  This  chemical  functionalization
involves  introducing  specific  functional  groups  onto  the
biochar  surface,  improving  its  reactivity  and  enabling  it  to
interact more effectively with other materials.

Physical  treatments such as plasma or heat  treatment can also
modify the surface properties of biochar. These treatments can
improve performance in specific applications, making biochar-
based  nanocomposites  more  versatile  and  practical  in  diverse
fields.  Also,  incorporating  nanoparticles  onto  the  biochar
surface  can further  enhance its  functionality  and performance
in  nanocomposite  materials.  This  approach  opens  up
opportunities  to  tailor  the  properties  of  biochar-based
nanocomposites based on specific application requirements.
The  tailored  surface  functionalities  of  BNCs  make  them
versatile  materials  for  addressing  a  wide  range  of  wastewater
treatment  challenges,  including  removing  organic  and
inorganic  contaminants,  heavy  metals  and  pathogens[101].
These  tailored  surface  functionalities  expand  the  potential
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applications  of  biochar-based  nanocomposites  and  highlight
their  significant  role  in  addressing  complex  challenges  across
various industries.
 

4.4.3    Enhanced adsorption and catalytic Properties
Introducing  nanoparticles  into  the  biochar  matrix  increases
surface  area  and  the  development  of  a  hierarchical  pore
structure. This enhances the adsorption capacity and facilitates
the  diffusion  of  adsorbates  into  the  interior  of  the
material[119,121].  Combining  biochar  and  nanomaterials  in
BNCs  gives  enhanced  adsorption  and  catalytic  properties
compared to their components[58,95]. The high surface area and
porosity  of  BNCs  contribute  to  their  improved  adsorption
capacities.  Concurrently,  incorporating  catalytic
nanomaterials,  such  as  metal  or  metal  oxide  nanoparticles,
provides  catalytic  activity  for  pollutant  degradation  or
transformation[35,101].

The  adsorption  properties  of  BNCs  can  be  further  enhanced
through  surface  functionalization  of  carbon  material  or  the
incorporation  of  specific  nanomaterials  with  high  affinities
toward  target  pollutants[81,101].  It  has  a  larger  specific  surface
area,  increased  porosity  and  higher  density  of  functional
groups,  all  contributing  to  its  superior  adsorption
capabilities[121]. These properties allow them to adsorb various
pollutants,  ranging  from heavy  metals  to  organic  compounds,
more  efficiently  than  traditional  adsorbents[32].  For  example,
BNCs containing graphene or carbon nanotubes have excellent
adsorption  capacities  for  organic  pollutants  whereas  those
incorporating  metal  oxide  nanoparticles  have  been  shown  to
have  high  adsorption  affinities  for  heavy  metals[32,58,122].
Functional  groups  such  as  hydroxyl,  carboxylic  and  amine
groups  can  be  engineered  onto  the  surface  of  biochar-based
nanocomposites to target specific pollutants[121].  This selective
adsorption  is  crucial  for  applications  in  complex  mixtures
where  specific  contaminants  must  be  removed
preferentially[119,121].

The  catalytic  performance  of  biochar  is  significantly
augmented  when  incorporated  with  nanoparticles.  These
nanocomposites  can  catalyze  various  reactions,  including  the
degradation  of  environmental  pollutants  and  the  synthesis  of
fine  chemicals[4].  The  nanoparticles  within  biochar-based
nanocomposites provide active sites for catalysis. Also, thermal
stability of biochar supports the durability of composites under
various  reaction  conditions[4].  Their  enhanced  adsorption
properties  make  them  suitable  for  water  and  air  purification,
whereas  their  catalytic  capabilities  are  advantageous  in  waste
treatment and pollution control. 

4.4.4    Synergistic effects
The advantage of BNCs is the synergistic effects that arise from
combining biochar and nanomaterials[57,123]. Compared to the
individual  components  alone,  these  synergistic  effects  can
improve  the  performance  of  wastewater  treatment.  According
to  Amdeha[123],  incorporating  metal  oxide  nanoparticles  into
biochar  can  enhance  the  generation  of  ROS  during  catalytic
oxidation  processes,  leading  to  more  efficient  degradation  of
organic pollutants.

Additionally,  the  interaction  between  biochar  and
nanomaterials  can  create  unique  active  sites  or  interfacial
regions  that  facilitate  adsorption  or  catalytic  reactions[101].
These  synergistic  effects  contribute  to  the  overall  effectiveness
of  BNCs  in  various  wastewater  treatment  applications.  BNCs
provide  a  synergistic  enhancement  in  adsorption capacity  due
to the combined action of the large surface area of biochar and
the  high  reactivity  of  nanoparticles[123].  This  results  in  a
material that can adsorb pollutants more effectively than either
component  could  individually[123,124].  The  study  by  Liu
et  al.[125] showed  that  biochar  functionalized  with  magnetic
nanoparticles provides an increased surface for adsorption and
easy  separation  from  aqueous  solutions  using  an  external
magnetic field, making the composite ideal for water treatment
applications.

The  incorporation  of  nanoparticles  significantly  augments  the
catalytic  performance  of  biochar.  This  is  due  to  the  high
dispersion  of  catalytically  active  nanoparticles  on  the  biochar
surface,  which  increases  the  availability  of  active  sites  for
reactions[57].  Additionally, the carbonaceous matrix of biochar
can  stabilize  the  nanoparticles,  preventing  agglomeration  and
maintaining their catalytic efficiency over time.

Adding  nanoparticles  into  the  biochar  matrix  improves  the
mechanical  properties  of  the  resulting  composite.
Nanoparticles  can  act  as  reinforcing  agents  that  enhance  the
tensile  strength  and  durability  of  biochar,  making  it  more
suitable  for  construction  materials  and  high-stress
environmental applications[126].

The  judicious  amalgamation  of  nanotechnology  with  the
absorptive  prowess  of  biochar  gives  rise  to  BNCs  that  are  far
superior  in  purifying  water  and  capable  of  tackling  complex
mixtures  of  industrial  effluents  and  domestic  sewage  with
unprecedented  effectiveness.  By  capitalizing  on  the  intrinsic
properties  of  biochar  and  nanomaterials,  BNCs  are  a  clear
advancement  in  addressing  the  urgent  demand  for  cleaner
water  and  sustainable  treatment  methods.  The  multifaceted
synergistic  effects  observed  in  BNCs  solidify  their  role  as  a
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transformative  option  in  wastewater  treatment  landscapes.
These  materials  offer  a  significant  boost  in  performance,
underscoring  their  potential  to  revolutionize  environmental
remediation  and  establish  new  benchmarks  in  treatment
efficiency.
 

4.4.5    Stability and reusability
Stability  in  BNCs  refers  to  the  ability  of  these  materials  to
maintain  their  structure  and  functionality  under  the  intended
application conditions over time. The stability is influenced by
the  inherent  properties  of  biochar  and  the  nature  of  the
nanoparticles  incorporated  into  the  matrix.  BNCs  often  have
improved  stability  and  reusability  compared  to  their
components[34,61].  The  biochar  matrix  can  enhance  the
strength  and  dispersion  of  the  incorporated  nanomaterials,
preventing  their  aggregation  or  leaching  during  wastewater
treatment processes[42,57].

Conversely, nanomaterials can improve the structural integrity
and  thermal  stability  of  the  biochar  matrix,  increasing  the
overall durability of the BNCs[102,123]. Biochar is known for its
high  carbon  content  and  aromatic  structure  confer  excellent
thermal stability. Nanocomposites derived from biochar inherit
this  property,  making  them  suitable  for  high-temperature
applications.  Inorganic  nanoparticles  can  further  enhance
thermal  stability,  acting  as  heat  sinks  and  evenly  distributing
thermal  energy  throughout  the  material[119,127].  The  chemical
stability  of  biochar-based  nanocomposites  is  crucial  when
exposed  to  corrosive  or  reactive  environments.  The  carbon
matrix  of  biochar  provides  a  protective  barrier  around  the
nanoparticles,  preventing  leaching  or  degradation.
Additionally,  modifying  biochar  with  nanoparticles  can
provide in a material  that  is  less  prone to oxidation and other
chemical changes that might compromise its integrity[121,123].

The  reusability  of  BNCs  is  an  essential  consideration  for
practical  applications,  as  it  can  reduce  operational  costs  and
minimize  waste  generation[121,128].  Many  BNCs  have
demonstrated the ability to regenerate and reuse multiple times
without  significant  performance  loss,  making  them
economically  and  environmentally  attractive  for  wastewater
treatment[58,121].  Reusability  is  a  property  of  paramount
importance,  especially  from  an  economic  and  environmental
perspective.  The  capability  to  regenerate  and  reuse  biochar-
based  nanocomposites  without  significant  performance  loss  is
beneficial for sustainable practices.

Biochar nanocomposites can often regenerated through simple
thermal  or  chemical  treatment,  which  removes  the  adsorbed

species  and  restores  its  adsorptive  capacity.  Díaz  et  al.[121]

mention that metal-impregnated biochar nanocomposites used
in catalysis recovered and reactivated, thus extending their life
cycle  and  reducing  the  need  for  fresh  materials.  Their
reusability enhances the sustainable life cycle of biochar-based
nanocomposites. They can be used in cyclic processes, such as
water treatment plants and catalytic  reactors,  and were reused
multiple  times  before  disposal.  This  cyclical  use  reduces  the
environmental footprint of the material and contributes to the
circular economy[123,129].
 

4.5    Performance of biochar nanocomposites in
wastewater treatment
BNCs have emerged as highly effective materials for wastewater
treatment, demonstrating promising performance in removing
organic  and  inorganic  pollutants,  heavy  metals  and
pathogens[35,121,123].  These  nanocomposites  are  formed  by
incorporating nanomaterials  into  a  biochar  matrix,  enhancing
their adsorption and catalytic properties.

The  performance  of  BNCs  in  wastewater  treatment  is
attributed to structure and composition. The porous nature of
biochar  provides  a  large  surface  area  for  adsorption  whereas
the  incorporated  nanomaterials  further  enhance  adsorption
capacity  and  catalytic  activity[130].  This  synergistic  effect
between  biochar  and  nanomaterials  makes  BNCs  highly
efficient in removing many contaminants from wastewater.

Chausali  et  al.[35],  have  reported  the  successful  application  of
BNCs in wastewater treatment.  For example,  BNCs have been
used  to  remove  organic  pollutants,  such  as  dyes,  phenols  and
pharmaceuticals,  from  wastewater,  with  high  adsorption
capacities  and  excellent  removal  efficiencies.  Additionally,
BNCs  have  been  shown  to  have  great  potential  in  removing
heavy  metals  from  wastewater,  including  lead,  cadmium  and
copper,  through adsorption  and precipitation  mechanisms[97].
For  example,  biochar  modified  with  iron  oxides  has  been
shown to enhance adsorption for arsenic due to the formation
of stable complexes.

Also,  BNCs  have  effectively  removed  pathogens  from
wastewater,  including  bacteria,  viruses  and  protozoa,  through
adsorption  and  inactivation  processes[38].  The  antimicrobial
properties  of  some  nanomaterials  incorporated  into  BNCs
further enhance their performance in pathogen removal.

The  performance  of  BNCs  in  wastewater  treatment  highlights
their  potential  as  sustainable  and  practical  materials  for
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addressing  water  pollution  challenges.  Further  research  and
development  in  this  field  is  needed  to  optimize  their
performance  and  explore  their  applications  in  various
wastewater treatment scenarios.
 

4.5.1    Adsorption of organic pollutants
BNCs  have  demonstrated  excellent  adsorption  capacities  for
various  organic  pollutants,  including  pharmaceuticals  and
personal  care  products,  making  them  suitable  for  treating
industrial  and  municipal  wastewater[57,58].  As  a  sorbent,
biochar  is  used  to  eliminate  organic  pollutants  from
wastewater.  Compound  dyes  and  phenols  are  the  most
significant organic pollutants that are difficult to eradicate. The
high  surface  area,  porosity  and  tailored  surface  functionalities
of  BNCs  contribute  to  their  enhanced  adsorption
properties[103,121].  According  to  Park  et  al.[131],  the  dye
wastewater  discharged from dyeing operations in the garment
sector  accounts  for  10%–15%  of  all  dyes  used,  equivalent  to
1.5–108 m3·yr−1.

Díaz et al.[121] mention that BNCs incorporating carbon-based
nanomaterials,  such  as  carbon  nanotubes  or  graphene,  have
been  shown  to  have  remarkable  adsorption  capacities  for
organic  dyes  and  personal  care  products[19].  The  π–π
interactions  between  the  carbon-based  nanomaterials  and  the
aromatic  rings  of  organic  pollutants  facilitate  their  adsorption
onto  the  BNC  surface[57,58].  Additionally,  incorporating
functional  groups,  such  as  amine  or  carboxyl  groups,  can
further  enhance  the  adsorption  of  specific  organic  pollutants
through electrostatic interactions or hydrogen bonding[100,103].

Also,  BNCs possess  various surface functional  groups,  such as
hydroxyl,  carboxyl  and  carbonyl,  that  are  important  for
adsorption. These groups can interact with adsorbates through
hydrogen bonding, electrostatic interactions and van der Waals
forces.  Studies  indicate  that  the  presence  of  these  functional
groups  enhances  the  affinity  of  BNCs  for  both  organic  and
inorganic pollutants[101].
 

4.5.2    Removal of heavy metals
BNCs  have  also  demonstrated  promising  performance  in
removing heavy metals from wastewater, a critical concern due
to  the  toxic,  carcinogenic  and  persistent  nature  of  these
pollutants[101].  Incorporating  metal  oxide  nanoparticles  or
functional groups with high affinities for heavy metal ions can
significantly enhance the adsorption capacity and selectivity of
BNCs[57,58].

The  adsorption  properties  of  biochars  from  peat  moss  were
examined using various carbonization settings to remove lead,
zinc,  copper and cadmium. According to Nadarajah et  al.[103],
BNCs containing iron oxide nanoparticles have been shown to
have  excellent  adsorption  capacities  for  heavy  metals  such  as
lead,  cadmium  and  chromium.  The  absorption  removes
efficiencies  of  98.6%  and  99.2%  for  lead  and  cadmium,
respectively.  The  high  surface  area  and  porosity  of  the  BNCs,
combined with the affinity of  iron oxide for heavy metal  ions,
contribute  to  their  improved  performance  in  heavy  metal
removal[19,101] with several  factors,  including contact  duration
and  solution  pH,  impacting  adsorption.  According  to  Frišták
et  al.[132],  the  biochar  included  oxidizable  fractions  of  copper,
and exchangeable fractions of cadmium and zinc.
 

4.5.3    Catalytic degradation of organic pollutants
BNCs have  been extensively  studied  for  their  catalytic  activity
in  degrading  organic  pollutants  through  AOPs[58,121,123].
Incorporating  catalytic  nanomaterials,  such  as  metal  or  metal
oxide  nanoparticles,  into  the  biochar  matrix  can  enhance  the
generation  of  ROS  and  facilitate  the  oxidative  degradation  of
organic pollutants[103,133].

According to a study by Zeng et al.[105], BNCs containing iron
or manganese oxide nanoparticles have demonstrated excellent
catalytic  activity  in  degrading  organic  dyes,  pharmaceuticals
and  other  persistent  organic  pollutants  through  Fenton-like
reactions or photocatalytic oxidation processes. The synergistic
effects  between  the  biochar  matrix  and  the  catalytic
nanomaterials  contribute  to  the  improved  performance  of
BNCs in these catalytic degradation processes[57,121,123].
 

4.5.4    Disinfection and pathogen removal
BNCs have  also  been shown to  have  potential  for  disinfecting
wastewater  and  removing  pathogens,  such  as  bacteria  and
viruses[100].  Incorporating  nanomaterials  with  antimicrobial
properties,  such  as  silver  or  copper  nanoparticles,  into  the
biochar  matrix  can  enhance  the  disinfection  capabilities  of
BNCs[101].

The  mechanism  of  pathogen  removal  by  BNCs  can  involve  a
combination  of  adsorption,  inactivation  and  the  release  of
antimicrobial agents[58]. The porous structure and high surface
area  of  BNCs  facilitate  the  adsorption  of  pathogens.
Concurrently,  antimicrobial  nanomaterials  exert  their  biocidal
effects through various mechanisms, such as the generation of
ROS or the disruption of cell membranes[103,133]. 
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4.5.5    Integration with other treatment processes
BNCs  are  integrated  with  other  wastewater  treatment
processes,  including  membrane  filtration,  AOPs  or  biological
treatment  systems[62,101].  For  example,  BNCs  are  used  as
adsorbents  or  catalysts  in  membrane  bioreactors  to  enhance
the  removal  of  organic  pollutants  and  mitigate  membrane
fouling[58].

Additionally,  BNCs  can  be  used  as  catalysts  or  adsorbents  in
AOPs,  such  as  Fenton-like  reactions  or  photocatalytic
oxidation  processes,  for  the  efficient  degradation  of  persistent
organic  pollutants[101,103,133].  Also,  BNCs  can  be  incorporated
into  biological  treatment  systems,  such  as  activated  sludge
processes  or  constructed  wetlands,  to  improve  the  removal  of
specific  pollutants  or  enhance  the  overall  treatment
efficiency[62,101].

Despite  the  promising  performance  of  BNCs  in  various
wastewater  treatment  applications,  challenges  such  as
scalability,  cost-effectiveness,  and  potential  environmental
impacts  still  need  to  be  addressed[58].  Additionally,  further
research  is  required  to  understand  better  the  mechanisms
underlying the  interactions  between BNCs and pollutants  and
the long-term stability and reusability of these materials[133].
 

5    Bioenergy production from biochar
nanocomposites
 
Biochar  has  received  significant  attention  for  its  potential
applications  in  bioenergy  production.  Integrating
nanomaterials  into  biochar  matrices,  which  form  BNCs,  has
provided  new  opportunities  for  enhancing  bioenergy
generation  processes.  BNCs  offer  opportunities  to  optimize
energy  conversion  efficiencies,  improve  process  stability  and
mitigate  the  environmental  impacts  of  traditional  bioenergy
production methods.

One  of  the  primary  applications  for  BNCs  in  bioenergy
production  is  through  direct  combustion  for  heat  and
electricity  generation.  Biochar  has  a  high  calorific  value  and
low moisture  content,  making  it  a  suitable  solid  alternative  to
fossil  fuels[86].  However,  incorporating  nanomaterials  into
biochar  can  further  enhance  its  combustion  properties.  The
BNCs containing metal  oxide  nanoparticles,  such as  iron (III)
oxide  or  copper  oxide,  have  been  shown  to  improve  the
ignition  properties,  combustion  kinetics  and  thermal  stability
of  biochar  during  combustion  processes[126].  The  presence  of
these nanoparticles can catalyze oxidation reactions, leading to

higher  energy  release  rates  and  more  efficient  heat
transfer[62,127].

Gasification is another thermochemical process in which BNCs
can  significantly  contribute  in  bioenergy  production.  During
gasification,  biochar  is  converted  into  a  combustible  gas
mixture (i.e., syngas) composed primarily of hydrogen, carbon
monoxide  and  methane[127].  This  syngas  can  be  used  for
various  applications,  including  heat  and  power  generation,  or
further  processed  into  liquid  biofuels.  Incorporating
nanomaterials  into  biochar  matrices  can  enhance  the
gasification  process  by  improving  the  reactivity  and  catalytic
properties  of  the  resulting  BNCs.  For  example,  BNCs
containing  nickel  or  iron  nanoparticles  have  demonstrated
improved  tar  cracking  and  reforming  abilities,  leading  to
higher-quality syngas production[130]. Additionally, BNCs with
oxygen-containing functional groups, such as graphene oxide-
biochar composites, can facilitate the gasification reactions and
improve syngas yield[101].

Also,  BNCs  contribute  to  mitigating  environmental  impacts
associated  with  bioenergy  production  processes.  For  example,
BNCs  can  be  used  as  adsorbents  or  catalysts  to  remove
pollutants  and  contaminants  from  gaseous  emissions  or
wastewater streams generated during bioenergy production[58].
The high surface  area  and tailored surface  chemistry  of  BNCs
make  them  effective  in  adsorbing  and  catalyzing  the
degradation  of  various  pollutants,  such  as  volatile  organic
compounds, nitrogen oxides and sulfur oxides[134].

Despite  the  promising  potential  of  BNCs  in  bioenergy
production,  several  challenges  remain.  One  of  the  main
challenges  is  the  scalability  and  cost-effectiveness  of  BNC
production.  Although  laboratory-scale  synthesis  of  BNCs  has
been  widely  explored,  the  transition  to  large-scale  production
remains  a  hurdle.  Additionally,  the  economic  feasibility  of
incorporating  nanomaterials  into  biochar  matrices  must  be
carefully  evaluated,  considering  the  benefits  of  improved
energy  conversion  efficiencies  and  environmental  impact
mitigation[101].

Another  challenge  is  the  potential  environmental  and  health
implications  of  using  nanomaterials  in  BNCs.  Although
nanomaterials  can  enhance  bioenergy  production  processes,
their  possible  toxicity  and  ecological  persistence  raise
concerns[134].  Rigorous  risk  assessments  and  environmental
impact studies are necessary to ensure the safe and sustainable
use of BNCs in bioenergy applications.

Biochar-based  nanocomposites  offer  exciting  opportunities  to
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enhance  bioenergy  production  processes  and  mitigate
environmental  impacts.  Their  unique  properties,  such  as
improved  combustion  characteristics,  enhanced  gasification
reactivity,  increased  biogas  yields  and  pollutant  removal
capabilities,  make  them  attractive  for  various  bioenergy
applications.  However,  addressing  the  challenges  related  to
scalability, cost-effectiveness, and potential environmental and
health  implications  is  crucial  for  successfully  implementing
BNCs in bioenergy production systems.
 

5.1    Use of biochar in renewable bioenergy
production and power generation
In  the  biofuel  industry,  BNCs  have  demonstrated  their
potential  as  catalysts  in  biomass  conversion  processes.  By
incorporating  metal  or  metal  oxide  nanoparticles  onto  the
biochar  surface,  BNCs  can  be  given  catalytic  properties  that
facilitate reactions involved in the production of biofuels, such
as  gasification,  pyrolysis  and  catalytic  upgrading[120].  These
catalytic BNCs can enhance the yield and selectivity of desired
biofuel  products,  improving  process  efficiency  and  economic
viability[47].

The  pulp  and  paper  industry,  a  significant  energy  consumer,
has  also  recognized  the  potential  of  BNCs  in  bioenergy
production.  The  abundant  availability  of  biomass  residues,
such  as  sawdust  and  bark,  makes  this  industry  a  prime
candidate  for  implementing  BNC-based  bioenergy  solutions.
BNCs  can  be  used  as  efficient  adsorbents  to  purify  biogas
generated  from  the  anaerobic  digestion  of  these  biomass
residues[101].  By  selectively  adsorbing  impurities,  including
hydrogen  sulfide  and  carbon  dioxide,  BNCs  can  enhance  the
calorific value and combustion efficiency of the biogas, leading
to improved energy recovery and reduced emissions[135].

In  addition,  the  agricultural  industry  has  grown  interested  in
applying  BNCs  for  bioenergy  production.  Agricultural
residues, such as crop residues, animal manure and food waste,
represent  valuable  feedstocks  for  bioenergy  production.  BNCs
can  be  used  as  catalysts  to  convert  residues  into  value-added
chemicals  and  biofuels  through  processes  including  pyrolysis
and  gasification[39,47].  Additionally,  BNCs  can  serve  as
adsorbents  for  the  purification  of  biogas  generated  from  the
anaerobic  digestion  of  agricultural  waste,  further  contributing
to  the  overall  sustainability  and  efficiency  of  bioenergy
production in this industry.

In the wastewater treatment sector, BNCs have been shown to
have  promising  applications  in  energy  recovery  from
wastewater  streams.  By  incorporating  conductive

nanomaterials, such as carbon nanotubes or graphene, into the
biochar  matrix,  BNCs  can  have  enhanced  electrical
conductivity  and  improved  electrochemical  performance[83].
These  properties  make  BNCs  suitable  for  use  as  electrode
materials  in  microbial  fuel  cells  (MFCs),  which  harness  the
energy generated by bacteria during the breakdown of organic
matter  in  wastewater[100].  Implementing  BNC-based  MFCs  in
wastewater  treatment  plants  can  lead  to  the  simultaneous
treatment of wastewater and recovery of renewable energy.

The transportation industry, which is a significant contributor
to greenhouse gas emissions, has also recognized the potential
of  BNCs  in  bioenergy  production.  BNCs  can  be  used  as
catalysts  in  converting  biomass-derived  compounds,  such  as
alcohols  or  plant  oils,  into  biofuels  suitable  for  transportation
applications[47].  Additionally,  BNCs  can  contribute  to  the
purification  of  biogas,  enabling  its  use  as  a  renewable  fuel  for
vehicles  or  as  a  feedstock  for  producing  other  transportation
fuels.
 

5.2    Applications of biochar nanocomposites for
supercapacitors
Supercapacitors,  also known as electrochemical capacitors,  are
energy  storage  devices  that  have  received  significant  interest
due to their high power density,  fast  charge or discharge rates
and  long  cycle  life[136].  Biochar-based  nanocomposites  have
emerged  as  promising  electrode  materials  for  supercapacitors,
offering  several  advantages  over  traditional  carbon-based
electrodes.

Incorporating  conductive  nanomaterials,  such  as  carbon
nanotubes  (CNTs)  or  graphene,  into  the  biochar  matrix  can
significantly  enhance  the  electrical  conductivity  and
electrochemical  performance  of  BNCs[83,84].  The  high  surface
area and porosity of biochar provide an excellent platform for
the  uniform  dispersion  of  these  conductive  nanomaterials,
resulting in improved charge transfer and ion transport[135].

Also,  the  surface  functionalization  of  BNCs  with  specific
functional  groups,  such  as  oxygen-containing  groups  or
nitrogen-doping,  can  increase  the  pseudocapacitance  and
overall  capacitance  of  the  electrode  material[101].  This
enhancement  in  capacitance  contributes  to  higher  energy
density  and  improved  performance  in  supercapacitor
applications.

BNCs  have  been  found  to  provide  superior  electrochemical
performance  compared  to  pristine  biochar  or  other  carbon-
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based materials,  making them attractive  candidates  for  energy
storage  devices  in  various  applications,  including  renewable
energy systems, electric vehicles and portable electronics[57].
 

5.3    Use of biochar nanocomposites in fuel
manufacturing
The  use  of  biochar-based  nanocomposites  in  fuel  production
technology  has  gained  significant  attention  due  to  their
potential as catalysts in biomass conversion processes and their
ability to enhance the quality of biofuels.

One promising application of BNCs is their use as catalysts in
the  pyrolysis  and  gasification  of  biomass  to  produce  bio-oils
and  syngas[44,47].  By  incorporating  metal  or  metal  oxide
nanoparticles onto the biochar surface, BNCs can have catalytic
properties that facilitate biomass conversion into valuable fuels
and  chemicals[120].  These  catalytic  BNCs  can  be  used  to
improve  the  desired  yield,  selectivity  and  quality  of  its
products,  making the process more efficient and economically
viable.

Also, BNCs can purify and upgrade biofuels. They can serve as
adsorbents for removing impurities, such as sulfur compounds,
from  bio-oils  or  biogas,  thereby  enhancing  fuel  quality  and
reducing emissions[102,137]. Also, BNCs can be used as catalysts
in upgrading bio-oils through hydrodeoxygenation, cracking or
isomerization, improving the fuel properties and compatibility
with existing infrastructure[47].

The  modifiable  surface  chemistry  and  porosity  of  BNCs  also
make  them  suitable  for  hydrogen  storage  and  production
applications,  which  are  essential  for  various  energy-related
applications, including fuel cell technologies[38,100].
 

5.4    BNCs for microbial fuel cell technology
electrodes for power generation
MFCs  are  a  promising  technology  that  harnesses  microbial
energy during organic matter  oxidation to produce electricity.
In  MFCs,  biochar-based  nanocomposites  have  been  shown  to
have  great  potential  as  electrode  materials,  offering  several
advantages over traditional carbon-based electrodes.

The high surface area and porosity of biochar provide an ideal
environment  for  the  attachment  and  growth  of
electrochemically  active  bacteria,  which  are  responsible  for
generating  electrons  in  MFCs[100,103].  Additionally,
incorporating  conductive  nanomaterials,  such  as  CNTs  or

graphene, into the biochar matrix can significantly enhance the
electrical  conductivity  of  the  electrode,  facilitating  efficient
electron transfer and improving the overall power output of the
MFC[83,84].

Also,  the  surface  functionalization of  BNCs can enhance their
interaction with the microorganisms, promoting better biofilm
formation  and  increasing  the  overall  performance  of  the
MFC[102,103].  For  example,  introducing  nitrogen-containing
functional  groups  can  improve  the  affinity  of  the  electrode
surface for bacterial attachment and growth[112].

Using  BNCs  as  electrodes  in  MFCs  contributes  to  renewable
power  generation.  It  offers  a  sustainable  solution  for  treating
organic waste streams,  as  the organic matter  is  converted into
electricity during the process[43,100].  This dual  benefit  of  waste
valorization  and  energy  production  makes  MFCs  with  BNC
electrodes  attractive  for  various  applications,  such  as
wastewater treatment plants, industrial facilities and remote or
off-grid communities.
 

5.5    Biochar nanocomposites in farming systems
The application of biochar and biochar-based nanocomposites
in farming systems has gained significant attention due to their
potential  to  improve  soil  quality,  nutrient  retention  and  crop
productivity  while  contributing  to  renewable  bioenergy
production.

Biochar  applied  to  agricultural  soils  can  improve  soil  fertility
by improving water-holding capacity,  nutrient availability and
soil  structure[15,22,33].  Additionally,  biochar  can  sequester
carbon  in  the  soil,  contributing  to  climate  change  mitigation
efforts[23].

Incorporating  biochar  into  a  farming  system  also  provides
opportunities  for  renewable  bioenergy  production.
Agricultural  residues,  such  as  crop  residues,  animal  manures
and  forestry  wastes,  can  serve  as  feedstocks  for  biochar
production  through  pyrolysis[25,26,33].  The  biochar  produced
can  then  be  applied  to  agricultural  soils.  Concurrently,  the
energy generated during the  pyrolysis  process  can be  used for
various  purposes,  such  as  heating,  electricity  generation,  or
biofuel production.

Also,  the  development  of  BNCs  has  provided  new  ways  for
enhancing  the  performance  of  biochar  in  farming  systems.
BNCs  are  engineered  to  improve  nutrient  retention,  water-
holding  capacity  and  soil  structure  by  incorporating  specific
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nanomaterials  or  functional  groups[36,37].  For  example,
incorporating  clay  or  metal  oxide  nanoparticles  into  the
biochar matrix can enhance nutrient sorption and availability,
improving crop productivity[35,110].

Additionally,  BNCs  can  be  used  as  carriers  for  controlled
release  of  fertilizers,  pesticides  and  plant  growth  regulators,
reducing  the  environmental  impact  and  improving  the
efficiency of these agricultural inputs[19,27].

Integrating  biochar  and  biochar-based  nanocomposites  into
farming  systems  contributes  to  sustainable  agricultural
practices.  It  provides  opportunities  for  producing  renewable
bioenergy, advancing the transition toward a more sustainable
and circular economy.
 

5.6    Benefits and challenges of using biochar for
bioenergy production
Despite  the  promising  potential  of  BNCs  in  renewable
bioenergy  production  across  various  industries,  several
challenges  must  be  tackled  to  facilitate  their  widespread
implementation. One of the critical challenges is the scalability
and  cost-effectiveness  of  BNC  production  processes[33].
Researchers  and  industry  stakeholders  are  actively  exploring
strategies  to  optimize  production  processes  and  reduce  the
associated  costs,  making  BNCs  more  economically  viable  for
large-scale applications.
 

5.6.1    Benefits of using biochar nanocomposites for
bioenergy production
The  availability  and  renewability  of  these  feedstocks  make
BNCs  a  sustainable  alternative  to  fossil  fuels,  contributing  to
reducing  greenhouse  gas  emissions  and  promoting  a  circular
economy[18].  Also,  the  production  and  application  of  BNCs
contribute  to  carbon  sequestration,  as  a  significant  portion  of
the carbon in the biomass feedstock is  retained in the biochar
structure[23].  This  stable  form  of  carbon  can  remain
sequestered  in  the  soil  for  extended  periods,  potentially
mitigating the effects of climate change[20]. Applying biochar to
agricultural  soil  has  improved  soil  quality  by  increasing  water
retention,  nutrient  availability  and  microbial  activity[9,10].
These  benefits  can  enhance  crop  yields  and  agricultural
productivity,  contributing  to  food  security  and  sustainable
farming practices[13].

Also,  BNCs  are  used  in  various  bioenergy  applications,
including  biofuel  production,  energy  storage  systems  and
MFCs.  Its  unique  properties,  including  high  surface  area,

porosity  and  electrical  conductivity,  make  it  suitable  for
catalytic  applications,  supercapacitor  electrodes  and  MFC
anodes[47,83,100].  Additionally,  the  production  of  BNCs  from
waste  biomass,  such  as  agricultural  residues,  municipal  solid
waste  and  sewage  sludge,  offers  opportunities  for  waste
management  and  resource  recovery[43].  By  converting  these
waste streams into biochar, valuable resources can be recovered
and used for bioenergy production or other applications[5,6].
 

5.6.2    Challenges for using biochar nanocomposites in
bioenergy production
Depending  on  the  feedstock  source  and  the  production
parameters  (e.g.,  the  temperature  of  the  pyrolysis  process,  the
rate of heating and the amount of time that biochar is allowed
to  remain  in  the  atmosphere),  the  characteristics  of  biochar,
such  as  its  surface  area,  porosity,  and  chemical  composition,
can  vary  considerably[11,41].  Consequently,  this  variability  can
affect  the  performance  of  biochar  in  various  bioenergy
applications,  presenting  challenges  for  standardization  and
quality control. Also, large-scale production and application of
biochar  for  bioenergy  purposes  currently  need  economic
challenges.  The  costs  associated  with  feedstock  procurement,
biochar  production  and  transportation  can  be  significant,
potentially  hindering  the  widespread  adoption  of  biochar-
based  bioenergy  technologies[25,33].  Although  biochar  is
generally  considered  a  stable  material,  its  long-term  stability
and  resistance  to  degradation  can  be  influenced  by  various
factors,  such  as  environmental  conditions,  soil  characteristics
and  biochar  properties[34,42].  Therefore,  understanding  and
optimizing biochar stability is crucial to ensure its effectiveness
in carbon sequestration and soil amendment applications.

Additionally,  the  production  and  application  of  biochar  can
raise environmental and health concerns, such as the potential
release  of  pollutants  (e.g.,  polycyclic  aromatic  hydrocarbons
and  dioxins)  during  the  pyrolysis  process  or  the  leaching  of
contaminants from biochar into the soil or water[60,86].  Proper
controls  and  mitigation  strategies  are  necessary  to  address
these  concerns.  Also,  the  lack  of  comprehensive  regulatory
frameworks  and  policies  governing  biochar  production,
characterization  and  application  can  hinder  its  widespread
adoption[25].  Establishing  clear  guidelines  and  standards  for
biochar  quality,  safety  and  sustainability  is  crucial  for
promoting its use in bioenergy and other applications. Despite
significant  progress  in  understanding  the  properties  and
applications of biochar, knowledge gaps still exist in areas such
as  biochar-soil  interactions,  long-term  environmental  impacts
and  optimization  of  biochar  production  processes[76].  Due  to
the  lack  of  regulations  in  this  area,  voluntary  standards  for
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biochar  quality  have  been  established  in  Europe  via  the
European  Biochar  Certificate,  in  the  UK  through  the  Biochar
Quality  Mandate  and  in  the  USA  through  the  International
Biochar  Initiative  standards,  designed  for  worldwide
usage[138,139].  Simultaneously,  biochar  producers  and
consumers  in  some  EU  nations  partially  integrated  the  novel
biochar  product  within  the  current  national  fertilizers,  soil
enhancers  and  composts  regulations.  The  proposed
amendment to EC Regulation 2003/2003 on fertilizers presents
the  chance  to  establish  rules  for  using  biochar  at  the  EU
level[140].
 

5.7    By-products of biochar nanocomposites
BNCs  have  been  shown  to  have  substantial  potential  in
addressing  global  challenges  across  various  industries,
including  environmental  remediation,  energy  storage  and
catalysis.  These  nanocomposites  are  distinguished  by  their
unique  physicochemical  properties,  including  high  surface
area, porosity and chemical stability[52,58,125].

However, producing these innovative materials is accompanied
by  generating  various  byproducts  in  gaseous,  liquid  and  solid
forms.  These  by-products  possess  specific  characteristics  and
potential applications, presenting challenges and opportunities
for  developing  sustainable  and  eco-friendly  processes[141,142].
The  effective  management  and  valorization  of  these  by-
products  are  crucial  for  minimizing  waste,  maximizing
resource use  efficiency and promoting the transition toward a
circular economy.

As  the  demand  for  BNCs  grows,  a  comprehensive
understanding  of  the  nature,  composition  and  use  of  the
associated by-products becomes increasingly essential.

By exploring innovative approaches to byproduct valorization,
the  biochar-based  nanocomposite  industry  can  contribute  to
achieving  global  sustainability  goals,  fostering  a  harmonious
balance  between  technological  advancements,  environmental
preservation  and  economic  prosperity.  This  paper  aims  to
provide  a  comprehensive  overview  of  the  by-products
generated  during  the  production  of  biochar-based
nanocomposites,  laying  the  foundation  for  future  research,
policy development and industrial implementation.
 

5.7.1    Gaseous byproducts
During  the  thermochemical  conversion  of  biomass,  a  mixture
of  combustible  gases,  including  hydrogen,  methane,  carbon
monoxide  and  carbon  dioxide,  is  generated  as  a

byproduct[99,141,143]. These gaseous byproducts can be used as a
fuel  source  for  energy  generation,  contributing  to  the  overall
energy  efficiency  of  the  process[99,142].  Additionally,  captured
carbon dioxide can be sequestered or used in various industrial
processes,  such  as  enhanced  oil  recovery  or  producing
carbonates and other valuable chemicals[99,143].

However,  the  management  and  treatment  of  these  gaseous
byproducts  present  challenges.  The  composition  and
concentration of the gases can vary depending on the feedstock
and  production  conditions,  necessitating  tailored  treatment
strategies[59].  Also,  contaminants,  such  as  particulate  matter,
tar  and  other  impurities,  require  additional  purification  steps
to ensure safe and efficient use[57,58].
 

5.7.2    Liquid byproducts
Bio-oils,  or  pyrolysis  liquids,  are  the  liquid  byproducts
generated  during  biochar-based  nanocomposites[142].  These
byproducts  are  formed  through  the  condensation  of  volatile
organic  compounds  released  during  the  thermochemical
conversion of biomass. Bio-oils are complex mixtures of water,
organic  acids,  phenolic  compounds  and  other  oxygenated
hydrocarbons[52,99].

Bio-oils are highly calorific and can be used as a fuel source for
heat  and  power  generation[59].  Additionally,  they  can  serve  as
precursors for producing valuable chemicals,  such as phenolic
resins,  adhesives  and  other  specialty  chemicals[144].  However,
the  use  of  bio-oil  has  challenges,  including  their  high  acidity,
viscosity  and  instability,  which  can  lead  to  corrosion,  fouling
and  polymerization[57].  Upgrading  and  refining  processes,
including catalytic cracking, hydrogenation and emulsification,
are  often  required  to  improve  the  properties  and  stability  of
bio-oils for specific applications[99,142].
 

5.7.3    Solid byproducts
The  solid  byproducts  of  biochar-based  nanocomposites
comprise  ash  and  unreacted  carbonaceous  materials[99].  The
composition  and  properties  of  these  solid  byproducts  are
highly  dependent  on  the  feedstock  and  the  production
conditions used.

One potential application of these solid byproducts is their use
as  soil  amendments  or  fertilizers  in  agricultural  practices[52].
The  ash  content,  rich  in  essential  plant  nutrients,  including
phosphorus,  potassium and calcium,  can improve  soil  fertility
and  plant  growth[144].  The  carbonaceous  materials  of  solid
byproducts can also improve soil structure, water retention and
cation exchange capacity[59].
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However, using solid byproducts in agriculture requires careful
consideration and monitoring due to the potential presence of
contaminants, such as heavy metals and organic pollutants[57].
These contaminants can accumulate in the soil or be taken up
by  plants,  posing  risks  to  human  health  and  the
environment[145].

Alternative  applications  for  solid  byproducts  include their  use
as  feedstock  for  producing  construction  materials,  such  as
bricks and cement, or as an energy source through combustion
or gasification processes[52,144].
 

6    Conclusions and recommendations
 
BNCs have emerged as highly effective materials for wastewater
treatment  and  renewable  bioenergy  production.  These
nanocomposites, formed by incorporating nanomaterials into a
biochar  matrix,  have  unique  properties  that  enhance  their
adsorption and catalytic capabilities, making them versatile and
efficient in addressing water pollution challenges.

Key findings suggest that BNCs have demonstrated promising
performance  in  removing  many  contaminants  from
wastewater,  including  organic  pollutants,  heavy  metals  and
pathogens. Their porous structure provides a large surface area
for adsorption whereas the incorporated nanomaterials further
enhance  their  adsorption  capacity  and  catalytic  activity.  This
synergistic  effect  between  biochar  and  nanomaterials  makes

BNCs  highly  effective  in  various  wastewater  treatment
applications.

The implications for future research in this field are substantial.
To  improve  their  performance  and  cost-effectiveness,  further
studies  are  needed  to  optimize  the  production  processes  of
BNCs,  including  the  selection  of  feedstocks,  pyrolysis
conditions  and  nanomaterial  incorporation  methods.
Additionally,  research  focusing  on  the  long-term stability  and
environmental  impacts  of  BNCs  is  essential  to  ensure  their
sustainability and safety in practical applications.

The potential applications and benefits of BNCs extend beyond
wastewater treatment. Due to their specific properties,  such as
high  surface  area,  porosity  and  electrical  conductivity,  these
nanocomposites  can  be  used  in  bioenergy  production,  energy
storage systems and microbial fuel cells. Also, producing BNCs
from  waste  biomass  offers  waste  management  and  resource
recovery opportunities, contributing to a circular economy and
sustainable development.

In  summary,  the  use  of  biochar-based  nanocomposites
provides  promising  opportunities  for  sustainable  water
treatment  and bioenergy production.  Their  unique properties,
potential  applications  and  benefits  make  them  a  valuable
solution  for  addressing  water  pollution  challenges  and
advancing renewable  energy technologies.  Continued research
and  development  efforts  in  this  field  are  crucial  to  unlocking
the  full  potential  of  BNCs  and  promoting  their  widespread
adoption in various environmental and energy applications.
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